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ABSTRACT 
ADVANCED METHODOLOGY FOR STORM SEWER DESIGN-PHASE I1 
This report describes further development of computer models for determining 
the diameter, slope and elevations of each pipe in a storm drainage system 
in which the layout and manhole locations are specified. The design procedure 
is based on a least-cost criterion and utilizes discrete differential dynamic 
programming as the search technique. In this phase of the study a detention 
storage capability has been added to the model using two approaches. The 
first approach requires the specification of a maximum allowable outflow and 
computes the required storage. The second approach determines the storage 
volume such that the sum of the storage and pipe system costs is a minimum. 
The procedure for computation of expected damage costs has been changed to 
reflect the variation of flood damage with flood volume. Also a surface run- 
off component has been added. This option uses the hydrograph generation por- 
tion of the Illinois Urbana Drainage Area Simulator model. Improved cost 
specification methods as well as flexible pipe elevation constraint capabilities 
have been added. The new developments are illustrated using two example basins. 
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NOTATION 
A = a r e a  
b  = c o e f f i c i e n t  
CD = expected damage cos t  
CF = damage va lue  f o r  a  p ipe  
c  = i n t e r c e p t  of regress ion  l i n e  
D = dec i s ion ,  i . e . ,  drop i n  e l e v a t i o n  i n  opt imiza t ion  procedure; 
a l s o ,  f lood damage 
d  = pipe  diameter 
E = e leva t ion ;  a l s o ,  expected va lue  
Fn = c o s t  funct ion  a t  s t a g e  n  
f ( )  = funct ion  
f  = f i n a l  i n f i l t r a t i o n  capaci ty  
C 
f  = i n i t i a l  i n f i l t r a t i o n  capac i ty  
0 
i = r a i n f a l l  i n t e n s i t y ;  a l so , an  index 
j = an index 
k  = an  index 
m = s lope  of regress ion  l i n e  
m = manhole on isonodal  l i n e  n  
n  
N = number of years  
n  = Manning's roughness f a c t o r ;  
PA = pervious a rea  
Q* = maximum outf low from de ten t ion  r e s e r v o i r  
QC = sewer capaci ty  
QL = peak flow t o  which a  pipe is  subjec ted  
' QP = peak discharge 
v i i  
R = hydrau l i c  r a d i u s ;  a l s o ,  r a i n f a l l  depth 
r = r e t u r n ;  a l s o ,  i n t e r e s t  r a t e  
S  = s l o p e ;  a l s o ,  s t a t e  
- 
S = output  s t a t e  
So = sewer s lope  
SIA = supplemental  impervious a r e a  
s = s t o r a g e  
TR = t o t a l  r a i n f a l l  depth 
Tr = r e t u r n  per iod  
T  = connect ion v e c t o r  between manholes m and m 
m n n91 
n  ' mn+l 
td = dura t ion  of hydrograph 
t e  
= t ime of concent ra t ion  
V = s t o r a g e  volume; a l s o ,  f lood  volume; a l s o ,  v e l o c i t y  
z = Q,/Q, 
A = increment 
6 = s t anda rd  d e v i a t i o n  of lognormal d i s t r i b u t i o n  
A = mean of lognormal d i s t r i b u t i o n  
= cumulat ive s t anda rd  normal p r o b a b i l i t y  d i s t r i b u t i o n  
CHAPTER 1 INTRODUCTION 
This  r e p o r t  i s  a  summary of  t h e  second phase o f  a  s t u d y  d i r e c t e d  a t  
t h e  development o f  advanced methodologies  f o r  des ign  o f  sewer systems.  This  
phase was s p e c i f i c a l l y  devoted t o  inlprovenlents and a d d i t i o n s  t o  t h e  models t h a t  
1 2  * 
were developed i n  Phase T . 
Thi s  c h a p t e r  c o n t a i n s  a  b r i e f  summary o f  t h e  models,  a  s t a t emen t  of  
t h e  s p e c i f i c  o b j e c t i v e s  of t h i s  phase  of  t h e  s t udy  and a  summary o f  t h e  ac.- 
compl ishmen t s . 
1.1 Design Phi losophy 
Th i s  s t u d y  was under taken w i th  t h e  b e l i e f  t h a t  t h e  e x i s t i n g  procedures  
f o r  sewer system des ign  had remained e s s e n t i a l l y  unchanged f o r  y e a r s  and d id  no t  
r e f l e c t  r e c e n t  advances i n  technology. Any eng inee r i ng  de s ign  presumably i s  
based on a maximum b e n e f i t  goa l .  I t  is be l i eved  t h a t  i n  t h e  c a s e  of  sewer des ign  
t h e  co t lven t iona l  p rocedures  l e a v e  much t o  be  d e s i r e d  i n  terms o f  e x p l i c i t  s t e p s  
t o  maximize b e n e f i t s .  The des ign  methodologies  developed i n  Phase I of  t h i s  
s t udy  a r e  a  s i g n i f i c a n t  s t e p  i n  reach ing  t h i s  goa l .  
There a r e  t h r e e  b a s i c  components t o  t h e  new methodology. The f i r s t ,  and 
perhaps  most b a s i c ,  is  t h e  a p p l i c a t i o n  o f  o p t i m i z a t i o n  techn iques .  Th is  means 
t h a t  de s ign  d e c i s i o n s  a r e  made based on a  l e a s t - c o s t  c r i t e r i a  a p p l i e d  t o  t h e  
c n t i r e  system. I d e a l l y ,  a l l  types  o f  c o s t s  should be  cons idered  i nc lud ing  i n s t a l l n -  
t i o n ,  f l ood  damage, o p e r a t i o n  and maintenance,  s o c i a l ,  h e a l t h ,  and environmental  
The q u a n t i f i c a t i o n  o f  a l l  o f  t h e s e  c o s t s  is a  cha l l enge  indeed and t h e  work t o  
d a t e  h a s  i n c o r p o r a t e d  on ly  i n s t a l l a t i o n  c o s t s  and c o s t s  a s s o c i a t e d  w i th  un- 
c e r t a i n t i e s  and r i s k s .  
The second component is  a  procedure  i n  which t h e  u n c e r t a i n t i e s  o r  
r i s k s  a s s o c i a t e d  w i t h  the  des ign  a r e  recognized ,  eva lua t ed  and t h e i r  e f f e c t  on 
J; 
S u p e r s c r i p t s  r e f e r  t o  Appendix A: P r o j e c t  P u b l i c a t i o n s  
c o s t  included.  There a r e  many types  of  u n c e r t a i n t i e s  which can  be  considered 
i n  a d d i t i o n  t o  t h e  t r a d i t i o n a l  hydro logic  r i s k s ,  i nc l cd ing  hydrau l i c ,  cons t ruc t ion ,  
m a t e r i a l ,  c o s t s  and damages and u n c e r t a i n t i e s  i n  t he  accep tab l e  f a i l u r e  r i s k  
l e v e l .  
The t h i r d  component i s  a  rou t ing  procedure.  The t r a d i t i o n a l  r a t i o n a l  
method of  des ign  does n o t  employ hydrograph rou t ing .  However, sewer flow i s  
c e r t a i n l y  anonuniform unsteady process  and t h e r e f o r e  i t s  use i s  j u s t i f i e d .  But 
t h e r e  a r e  many r o u t i n g  procedures ,  a l l  of which involve  a  t rade-off  between 
accuracy and time. A number of t h e s e  were examined i n  Phase I and i t  was found 
t h a t  f o r  des ign  purposes a  simple hydrograph s h i f t i n g  procedure was s u f f i c i e n t  
s i n c e  i t  i s  the  t ime s h i f t i n g  o f  t h e  va r ious  hydrograph peaks r a t h e r  than peak 
a t t e n u a t i o n  t h a t  i s  s i g n i f i c a n t .  
I n  a d d i t i o n  t o  t h e s e  major components any design i s  s u b j e c t  t o  some 
c o n s t r a i n t s  and assumptions.  The c o n s t r a i n t s  t h a t  a r e  employed i n  t h e  design 
methodology a r e  a s  fol lows:  
(a)  Free  s u r f a c e  o r  g r a v i t y  f low e x i s t s  under des ign  flow condi t ions .  
(b) Commercially a v a i l a b l e  c i r c u l a r  p ipes  a r e  used i n  t h e  des ign  w i t h  
a  minimum diameter  of 8 i n .  
(c )  The d iameter  used f o r  des ign  i s  the  s m a l l e s t  commercially a v a i l a b l e  
p ipe  w i t h  a c a p a c i t y  equa l  t o  o r  g r e a t e r  than t h e  des ign  f low and 
which s a t i s f i e s  a l l  c o n s t r a i n t s .  
(d) A minimum cover depth i s  s p e c i f i e d  f o r  each p ipe .  
(e )  A t  a  j unc t ion  t h e  crown e l e v a t i o n  of  t he  upstream sewer i s  equa l  
t o  o r  g r e a t e r  than the  crown e l e v a t i o n s  of any of t h e  downstream 
sewer. 
( f )  A minimum a l lowable  flow v e l o c i t y  under des ign  f low cond i t i ons  i s  
s p e c i f i e d  t o  provide se l f -c leaning  c a p a b i l i t y .  This i s  u s u a l l y  
2 f e e t  per. second ( f p s ) .  
(g) A maximum al lowable flow v e l o c i t y  under des ign  flow condi t ions  
i s  s p e c i f i e d  t o  minimize excess ive  scour.  
(h) A t  a j unc t ion  t h e  diameter  of downstream sewers cannot be sma l l e r  
than  any of t h e  upstream sewers. 
The assumptions made i n  t h e  design procedure a re :  
(a)  The sewer system is a downstream converging d e n d r i t i c  network. 
(b) Negative sewer s l o p e s  a r e  n o t  allowed. 
(c )  Topographic cond i t i ons  uniquely determine t h e  d i r e c t i o n  of flow. 
1.2 Summary of Phase I Study 
The r e s u l t s  of t he  Phase I s tudy  a r e  we l l  documented. The most complete 
d e s c r i p t i o n  of a l l  a spec t s  of t h e  methodology is  presented  i n  t h e  r epo r t  by Yen 
12  
e t  a l .  I n  a d d i t i o n  var ious  pub l i ca t ions  have been w r i t t e n  which p e r t a i n  
t o  one o r  more a spec t s .  A complete list of p r o j e c t - r e l a t e d  pub l i ca t ions  i s  
presented  i n  Appendix A. 
This  s e c t i o n  p r e s e n t s  a b r i e f  d e s c r i p t i o n  of each of t h e  major com- 
ponents of t h e  methodology. For more d e t a i l s  t he  r eade r  i s  r e f e r r e d  t o  t h e  
above-mentioned r e fe rences .  
1.2.1 Optimizat ion Technique 
The b a s i c  technique employed f o r  op t imiza t ion  is d i s c r e t e  d i f f e r e n t i a l  
2 
dynamic programming (DDDP) . I n  o rde r  t o  apply t h i s  technique t o  a mult i -  
l e v e l  branched sewer system t h e  system is represented  i n  terms of l i n e s  which 
pass  through a l l  manholes (nodes) which a r e  s epa ra t ed  from t h e  system o u t l e t  by 
t h e  same number of p ipes  ( l i n k s ) .  These l i n e s  a r e  termed i sonodal  l i n e s  (INTA) 
and they  s e r v e  t o  d i v i d e  t h e  sewer system i n t o  s t a g e s .  F i g u r e  1.1 shows t h e  INL 
c o n s t r u c t i o n  fo r  t h e  ASCE Basin  system descr ibed  i n  Chapter  6. The o p t i m i z a t i o n  
procedure  p rog re s se s  i n  t h e  downstream d i r e c t i o n  s t a g e  by s t a g e .  
The b a s i c  d e c i s i o n  v a r i a b l e  f o r  each p i p e  i n  a  s t a g e  is  t h e  crown 
e l e v a t i o n  a t  each  end of t h e  p ipe .  Each combination of  p o s s i b l e  crown e l e v a t i o n s  
( s t a t e s )  ha s  a s s o c i a t e d  w i t h  i t  a  c o s t .  The c o s t  is  made up of a m a t e r i a l  c o s t ,  
i n s t a l l a t i o n  c o s t  and p o s s i b l y  a  c o s t  a s s o c i a t e d  w i t h  damage i n  t h e  even t  t h a t  t h e  
sewer c a p a c i t y  is exceeded. The m a t e r i a l  c o s t  is  determined from t h e  p ipe  
s i z e  which is  r e l a t e d  t o  t h e  c a p a c i t y  and s l o p e  u s ing  ~ a n n i n g ' s  formula as-  
suming j u s t - f u l l  g r a v i t y  flow. 
i n  which d  = p i p e  d iamete r  i n  f t ,  n  = Manning's roughness;  So = sewer s l o p e ;  and 
Q = peak f low i n  t h e  sewer i n  cub i c  f e e t  p e r  second. The s l o p e  is  computed us ing  
P 
t h e  e l e v a t i o n s  a t  each end of t h e  p ipe .  Th i s  a l l ows  computation of t h e  d iamete r  and 
hence t h e  c o s t  of t h e  p ipe .  The crown e l e v a t i o n s  and t h e  d iamete r  determine t h e  
amount of excava t i on  r e q u i r e d  which is  conver ted t o  c o s t .  Th i s  in format ion  can a l s o  
be  used t o  determine t h e  expected damage c o s t  i f  d e s i r e d .  It  i s  t h e  o b j e c t i v e  of t h e  
DDDP procedure  t o  minimize t h e  t o t a l  c o s t  of t h e  system. 
The DDDP procedure  i nvo lve s  t h e  e s t a b l i s h m e n t  of  an i n i t i a l  set of  
t r i a l  e l e v a t i o n s  f o r  t h e  e n t i r e  system c a l l e d  an i n i t i a l  t r a j e c t o r y .  A range 
of p o s s i b l e  e l e v a t i o n s  o r  c o r r i d o r  on each  s i d e  of  t h e  t r a j e c t o r y  is  e s t a b l i s h e d .  
Convent ional  dynamic programming i s  used w i t h i n  each  c o r r i d o r  t o  determine t h e  
l e a s t - c o s t  t r a j e c t o r y  w i t h  t h e  s t a g e s ,  s t a t e s  and o b j e c t i v e  f u n c t i o n  as de sc r i bed  
above. The l e a s t - c o s t  t r a j e c t o r y  w i t h i n  t h e  c o r r i d o r  i s  then  used as t h e  
i 
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c e n t e r  o f  a  narrower c o r r i d o r  and t h e  op t imiza t ion  procedure repea ted .  These 
i t e r a t i o n s  a r e  repea ted  u n t i l  t h e  reduc t ion  i n  c o s t  f o r  succes s ive  i t e r a t i o n s  
f a l l s  w i th in  a  p re sc r ibed  l i m i t .  The major s t e p s  i n  t h e  procedure a r e  shown 
i n  t h e  f low c h a r t  i n  F ig .  1.2. For a  more d e t a i l e d  d e s c r i p t i o n  t h e  r eade r  
i s  r e f e r r e d  t o  p u b l i c a t i o n s  4 ,  9 and 12 i n  Appendix A. 
1.2.2 Risk Cons idera t ions  
The purpose of i nc lud ing  r i s k  a n a l y s i s  i n  t h e  des ign  i s  t o  
q u a n t i t a t i v e l y  estimate t h e  c o s t s  a s s o c i a t e d  wi th  a  number of  t h e  v a r i o u s  
u n c e r t a i n t i e s  i n  t h e  capac i ty  of a  given p ipe ,  QC, o r  t h e  peak flow, Q 
L  ' 
t o  which t h e  p ipe  i s  subjec ted .  The r i s k  of  f a i l u r e  can b e  def ined  a s  
t h e  p r o b a b i l i t y  of  t h e  event  QL ' Qc* 
To e v a l u a t e  t h e  c o s t  a s soc i a t ed  w i th  t h e  r i s k  a n  "assessed damage 
value" is  used. This  i s  def ined  a s  t he  damage va lue ,  CF,  a s soc i a t ed  w i th  a  
given p ipe  i n  t h e  even t  t h a t  Q >  Q The expected damage c o s t ,  CD,  i s  then  given L  c* 
by 
This  is  a  f i r s t  a t tempt  a t  i nco rpo ra t i ng  damage c o s t s  i n t o  t he  model and t h i s  
r e p o r t  d e s c r i b e s  an  improved approach. 
The e v a l u a t i o n  of t h e  r i s k  i s  f a c i l i t a t e d  by t h e  i n t r o d u c t i o n  of t he  
s a f e t y  f a c t o r ,  SF, which i s  def ined  a s  t h e  r a t i o  of t he  capac i ty  of a  
p ipe ,  Q C ,  a s  determined by a  hyd rau l i c  formula such a s  Eq. 1.1, t o  t h e  peak f low 
t h a t  t h e  sewer i s  e s t ima ted  t o  be requi red  t o  c a r r y ,  Q , a s  determined by some 
P  
hydrologic  a n a l y s i s .  The r e l a t i o n s h i p  between r i s k  and s a f e t y  f a c t o r  can be  
e s t a b l i s h e d  by ana lyz ing  the  va r ious  f a c t o r s  which c o n t r i b u t e  t o  t he  o v e r a l l  
r i s k .  This  procedure is descr ibed  i n  r e f e r e n c e s  4 ,  7 and 12 i n  Appendix A .  
Thi s  r e l a t i o n s h i p  is then used wi th in  t h e  op t imiza t ion  procedure t o  e v a l u a t e  
t he  t o t a l  c o s t  a s s o c i a t e d  with each pipe.  F igure  1 . 3  shows a  f low c h a r t  which 
d e s c r i b e s  t h e  d e t a i l e d  procedure f o r  a  s p e c i f i c  p ipe  w i th in  t h e  o v e r a l l  o p t i -  
miza t ion  procedure descr ibed  i n  Fig.  1.2. 
1 .2 .3  Routing Procedures 
A number of flow rou t ing  procedures  were i n v e s t i g a t e d  i n  t h e  Phase I 
study.  It was d e s i r e d  t o  adopt a  method which r e f l e c t e d  t h e  important  e f f e c t s  
of unsteady f low a s  f a r  a s  des ign  is concerned, whi le  r e q u i r i n g  a  minimum amount 
of computer time t o  execute .  
Three rou t ing  methods were programmed: a  non l inea r  kinematic  *wave 
method, a  modif ied Muskingum method and a  time-lag method. It was determined 
t h a t  t he  important  ' f e a t u r e  of t h e  rou t ing  process  was the  r e l a t i v e  t iming of  t h e  
in-system hydrographs and the  i n l e t  hydrographs a t  t h e  manholes. The a t t e n u a t i o n  
of t h e  peaks i s  important  on ly  f o r  very  l a r g e  systems. 
It was found t h a t  t h e  t i m e  l a g  rou t ing  procedure was adequate  f o r  design 
purposes and is t h e  method recommended f o r  f u t u r e  use i n  t h e  model. It involves  
simply t h e  s h i f t i n g  of t h e  in f low hydrograph by a  t i m e  increment t which is t h e  f  
f low t i m e  through t h e  p ipe  es t imated  by computing t h e  f u l l  f low v e l o c i t y  a t  peak 
inf low.  The i n l e t  hydrograph i s  added t o  t h e  rou ted  hydrograph f o r  a  pipe.  Af t e r  
rou t ing  a  l i n e a r  i n t e r p o l a t i o n  scheme is used t o  determine t h e  outf low hydrograph 
o r d i n a t e s  a t  t h e  p re sc r ibed  t i m e  increments  used i n  t h e  o v e r a l l  t ime s c a l e .  
used i n  t h e  o v e r a l l  t i m e  s c a l e .  
1.2.4 Models Developed Under Phase I 
The b a s i c  model components w e r e  formulated i n  va r ious  combinations 
a s  shown i n  Table 1.1. The DDDP technique is  common t o  a l l  w i t h  var ious  types  
of rou t ing  procedures incorpora ted  both wi th  and without  r i s k .  
Table 1.1 Least-Cost Sewer Design Models-Phase I 
. Model Routing 
Designat ion Procedure 
A None 
B-1 Time Lag 




Risk Analysis  




Y e s  
The model des igna t ion  shown i n  Table 1.1 was u t i l i z e d  i n  t h e  Phase I 
completion r e p o r t .  Subsequently Models B-1 and D have been r e f i n e d  and renamed 
a s  Models ILSD-1 and ILSD-2, r e s p e c t i v e l y ,  f o r  p re sen ta t ion  i n  workshops and f o r  
p r a c t i c a l  a p p l i c a t i o n s .  
1.3  Objec t ives  of Phase I1 Study 
The genera l  o b j e c t i v e  of t h i s  s tudy  i s  t o  r e f i n e  and f u r t h e r  develop 
t h e  methodology and techniques  developed i n  Phase I. 
S p e c i f i c  o b j e c t i v e s  a r e  a s  fo l lows  : 
(a )  Develop a de t en t ion  s t o r a g e  component and inco rpora t e  i t  
i n  t h e  models. 
(b) Refine the  r i s k  a n a l y s i s  component wi th  s p e c i f i c  emphasis 
on improvement i n  f l ood  damage de termina t ion .  
( c )  Incorpora te  a s u r f a c e  hydrology model which w i l l  determine 
sewer i n l e t  hydrographs. 
(d) Incorpora te  a method t o  f a c i l i t a t e  design of mu l t ip l e  branch 
systems. 
(e )  Incorpora te  minor ref inements  and improvements t h a t  have 
been suggested through experience subsequent t o  Phase I. 
1.4 Summary of  Phase I1 Accomplishments 
There have been t h r e e  major improvements i n  t h e  methodology a s  a 
r e s u l t  of t h i s  s tudy.  
1. The c a p a b i l i t y  of u t i l i z i n g  de t en t ion  s t o r a g e  i n  t h e  design has 
been added t o  t he  model. Two approaches were developed. The f i r s t  permi ts  
t he  s p e c i f i c a t i o n  of  a maximum al lowable flow downstream of t h e  de t en t ion  
r e s e r v o i r .  The hydrau l i c  e f f e c t s  of t h i s  a r e  included i n  t h e  des ign  procedure 
bu t  t he  s to rage  c o s t s  a r e  no t  included i n  t he  c o s t s  t h a t  a r e  minimized. The 
second approach r e q u i r e s  t he  s p e c i f i c a t i o n  of a maximum al lowable s t o r a g e  volume 
and inco rpora t e s  t he  s to rage  c o s t  t oge the r  wi th  the  o t h e r  c o s t s  and t h e  t o t a l  is  
minimized. The s t o r a g e  volume corresponding t o  a minimum t o t a l  c o s t  is computed. 
Both approaches a r e  d iscussed  i n  Chapter 2 .  
2. The method f o r  computing expected damages r e s u l t i n g  from r i s k  
cons idera t ions  has  been improved. The procedure involves  t h e  use  of depth- 
damage, depth-flood volume and f lood peak-risk r e l a t i o n s h i p s .  This method 
recognizes  t h e  v a r i a t i o n  of f lood  damage wi th  the  magnitude of t h e  f lood  
volume. The method i s  descr ibed i n  Chapter 3 .  
3.  A s u r f a c e  runoff component op t ion  has  been added. This  r e l i e v e s  
the  use r  from independent ly determining t h e  i n l e t  hydrographs. The opt ion  
r equ i r e s  r a i n f a l l  and sub-catchment d a t a  and computes runoff hydrographs 
using the  time-area method. The op t ion  uses  t h e  runoff  computation po r t ion  of 
another  model, t h e  I l l i n o i s  Urban Drainage Area Simulator  (ILLUDAS) developed 
a t  t h e  I l l i n o i s  S t a t e  Water Survey. The d e t a i l s  a r e  presented  i n  Chapter 4 .  
I n  add i t i on  a number of more minor improvements have been added in-  
c luding c o s t  d a t a  s p e c i f i c a t i o n ,  nega t ive  s lope  checks and o p t i o n a l  e l e v a t i o n  and 
and p ipe  s i z e  c o n s t r a i n t s .  These a r e  d iscussed  i n  Chapter 5. 
CHAPTER 2. DETENTION STORAGE 
Detention storage is becoming an increasingly important design tool 
in urban drainage. However design procedures are far from being standardized. 
This makes the incorporation of detention storage into the model a difficult 
task and the effort reported here should be regarded as an initial approach 
subject to further improvement. 
Two approaches to including detention storage in the design model have been 
taken. The first approach accounts for the reduction in peak flow downstream 
using a prescribed maximum outflow from a reservoir. However, the cost of . 
the reservoir itself is not included in the total cost of that stage in the 
design and hence the reservoir cost is excluded from the optimization proce- 
dure. In the second approach the reservoir size (storage capacity) is another 
decision variable with its cost included as part of the total system cost 
which is minimized. In both approaches the location of the reservoir(s) is 
independently determined. These approaches are described in this chapter. 
2.1 Detention Storage: Non-Optimization Approach 
In this approach the c0st.s of the detention reservoirs are computed 
separately and not included in the costs considered for optimization. The 
location of the detention reservoir is predetermined independently and it is 
assumed to be located at the upstream end of a designated reach with a sewer 
pipe connecting it to the downstream manhole. The inflow hydrograph to the 
reservoir is assumed to be the outflow hydrograph from the manhole. The pipe 
leading from the reservoir outlet is designed using the peak discharge of the 
reservoir outflow hydrograph. 
The design criterion for the reservoir is the maximum allowable outflow 
which is specified by the user. Figure 2.1 shows the assumed operation of 
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Fig. 2 . 1  Detent ion Reservoir  Operat ion f o r  
Non-Optimization Approach 
t h e  r e s e r v o i r .  When t h e  in f low hydrograph reaches  t h e  maximum permi t ted  outf low 
Qmax (po in t  A i n  F ig .  2.1) t h e  outf low hydrograph is assumed t o  remain cons t an t  
and de t en t ion  s t o r a g e  volume S is accumulated a t  po in t  B. The r equ i r ed  volume S 
i s  simply t h e  a r e a  between t h e  inf low hydrograph and t h e  ou t f low hydrograph AB. 
The outf low hydrograph remains a t  Q u n t i l  t h e  s t o r a g e  i s  dep le t ed  (po in t  C) a t  
max 
which time t h e  outf low is  assumed t o  drop down t o  t h e  i n f low hydrograph (po in t  D ) .  
It i s  recognized t h a t  d e t e n t i o n  r e s e r v o i r s  do n o t  produce t h e  f l a t  
outf low hydrograph shown i n  Fig.  2.1. The s p e c i f i c  type  of o u t l e t  c o n t r o l s  
w i l l  d i c t a t e  t h e  ou t f low hydrograph shape. However t h e  assumed ope ra t i on  
r e p r e s e n t s  an i n i t i a l  approach. It does r e t a i n  t h e  d e s i r e d  downstream peak 
f low l i m i t a t i o n  and i t  is u n l i k e l y  t h a t  t he  a c t u a l  o u t l e t  hydrograph shape 
w i l l  have a  s i g n i f i c a n t  e f f e c t  on t h e  des ign  of t h e  downstream system. 
The r equ i r ed  d e t e n t i o n  s t o r a g e  c a p a c i t y  S is computed and t h e  a s s o c i a t e d  
c o s t  i s  c a l c u l a t e d  us ing  a  s p e c i f i e d  u n i t  s t o r a g e  c o s t .  This  c o s t  is simply 
added t o  t h e  o t h e r  system c o s t s  a t  t h e  s t a g e  i n  which t h e  r e s e r v o i r  is loca t ed .  
Thus de t en t ion  s t o r a g e  is n o t  a  dec i s ion  va luab le  i n  t h e  op t imiza t ion  procedure 
and i ts  c o s t  i s  independent of t h e  des ign .  It is c a r r i e d  along f o r  account ing 
purposes only.  Chapter 6 shows examples of t h i s  approach. 
2.2 Detention Storage: Optimization Approach 
-- 
In this approach the storage volume is a decision variable in the cost 
optimization rather than a param3ter determined by specifying a maximum allowable 
discharge from the reservoir. Thus for any stage there are in general two 
variables involved: pipe elevation and detention storage volume. This represents 
a basic change in the DDDP procedure and significantly increases the execution 
time and computer storage requirements for the program. 
The location of each reservoir is predetermined and specified as in the 
non-optimization approach. Each reservoir is again assumed to be located just 
below the upstream manhole. Instead of a specified maximum outflow from the 
reservoir, a series of trial storage volumes is evaluated at each stage where a 
reservoir is located. Figure 2.2 shows the reservoir operation for a trial storage 
volume. The trial volumes are initially determined by dividing the total specified 
maximum permissible storage volume into a series of 4 equal increments. 
Time 
Fig. 2. 2 Detention Reservoir Operation for Storage 
Optimization Approach 
Let S represent  a  t r i a l  s to rage  volume. A maximum outf low Q* i s  
computed such t h a t  t he  a r e a  between t h e  inf low hydrograph and AB i n  Fig.  
2.2 i s  equal  t o  the  t r i a l  s to rage  S. A s  be fo re  t h i s  flow r a t e  cont inues  t o  
poin t  C when t h e  s to rage  i s  depleted a t  which time t h e  outf low drops down 
t o  t h e  inf low hydrograph a t  poin t  D. It i s  poss ib l e  t h a t  one o r  more of t h e  
t r i a l  s to rage  volumes w i l l  be g r e a t e r  than t h e  e n t i r e  inf low volume of t h e  
inflow hydrograph. I n  t h a t  case Q* i s  a r b i t r a r i l y  s e t  a t  Q / 5  s i n c e  i t  i s  as- P 
sumed t h a t  t h e  r e s e r v o i r  w i l l  no t  r e t a i n  a l l  t h e  flow rega rd le s s  of i t s  s to rage  
capaci ty .  There i s  an exception t o  t h i s  s t e p  which i s  explained i n  Sec t ion  
2.2.2. 
2.2.1 General Optimization Procedure Including Detent ion Storage 
In  t h e  F u l l  Optimization Detention Storage Model not  only t h e  p ipe  
diameters  and e l e v a t i o n s  but  a l s o  t h e  de ten t ion  s t o r a g e  volumes a r e  optimized. 
The algori thm f o r  t h e  model has been formulated s o  t h a t  f o r  each poss ib l e  p ipe  
e l e v a t i o n  l a t t i c e  poin t  on t h e  upstream end of t h e  p ipe ,  t h e r e  a r e  f i v e  t r i a l  
s to rage  volumes. Although any odd number of t r i a l  s to rage  volumes could be 
used, f i v e  va lues  were chosen a s  a  balance between l e v e l  of refinement and 
s to rage  and computer t ime requirements.  These s to rage  volumes a r e  analogous 
t o  t h e  l a t t i c e  po in t s  used f o r  opt imiza t ion  of t h e  p ipe  e l eva t ions .  This  does 
not  mean t h a t  a  s t o r a g e  volume must be s p e c i f i e d  f o r  each and every pipe.  The 
model has been designed s o  t h a t  a l l  o r  none of t h e  p ipes  i n  the  network can 
have de ten t ion  s t o r a g e  s p e c i f i e d  f o r  them. The opt imiza t ion  proceeds by con- 
s i d e r i n g  var ious  poss ib l e  pipe e l eva t ion / s to rage  volume combinations and de ter -  
mining t h e  cheapes t . ,  However, s i n c e  only some of t h e  p ipes  w i l l  have de ten t ion  
s to rage  s p e c i f i e d  t h e r e  a r e  two p o s s i b i l i t i e s  f o r  t h e  a l lowable  combinations of 
s to rage  volumes and p ipe  e l eva t ions .  These p o s s i b i l i t i e s  a r e  descr ibed  below. 
a )  No de ten t ion  s to rage  s p e c i f i e d  f o r  t h e  s t a g e  (pipe)  under cons idera t ion .  
I n  t h i s  case  only one s to rage  l e v e l  (volume) i s  s p e c i f i e d  f o r  each 
downstream pipe  e l eva t ion .  I n  f ace ,  t h i s  s t o r a g e  l e v e l  i s  no t  used and i s  
merely an i n d e x  t o  h e l p  i d e n t i f y  t h e  p i p e  e l e v a t i o n  l a t t i c e  p o i n t .  No r o u t i n g  
is  performed through t h i s  dummy volume. T h i s  s t o r a g e  l e v e l  i n d e x  i n  t h i s  c a s e  
is  set t o  1, i . e . ,  t h e  f i r s t  s t o r a g e  index  encounte red  i n  t h e  e l e v a t i o n  l e v e l /  
s t o r a g e  volume combinat ions .  T h i s  is  shown i n  F i g .  2 . 3 .  
b) D e t e n t i o n  s t o r a g e  h a s  been s p e c i f i e d  a t  t h e  s t a g e  ( p i p e )  under c o n s i d e r a t i o n .  
I n  t h i s  c a s e  a l l  p o s s i b l e  combinat ions  of  s t o r a g e  volume l e v e l  and p i p e  
e l e v a t i o n  a t  t h e  upst ream end of  t h e  p i p e  must b e  c o n s i d e r e d .  Rout ing must b e  
performed th rough  each  of t h e  s t o r a g e  volumes. The d e t a i l s  of  t h i s  p rocedure  
are d i s c u s s e d  i n  t h e  n e x t  s e c t i o n s .  
2 .2 .2  Opt imiza t ion  Algorithm D e s c r i p t i o n  
The o v e r a l l  o p t i m i z a t i o n  p rocedure ,  DDDP, i n v o l v e s  a  s u c c e s s i v e  s e r i e s  
of i t e r a t i v e  dynamic programming a p p l i c a t i o n s .  The s t a t e  s p a c e  i s  r e d e f i n e d  a f t e r  
each i t e r a t i o n .  I n  t h e  c a s e  oE d e t e n t i o n  s t o r a g e  t h e r e  a r e  two s e t s  of s t a t e s  a t  
each  s t a g e :  p i p e  e l e v a t i o n s  and s t o r a g e  l e v e l s .  F i g u r e  2 .4  shows a  t y p i c a l  
s t a g e .  For each upstream p i p e  e l e v a t i o n  t h e r e  a r e  t r i a l  s t o r a g e  volumes and 
c o r r e s p o n d i n g l y  5 r e s e r v o i r  o u t f l o w  hydrographs  which can be  used t o  d e s i g n  
t h e  p ipe .  Each combinat ion of  p i p e  e l e v a t i o n  and s t o r a g e  volume must be  
examined. 
The dynamic programming procedure  can be  r e p r e s e n t e d  mathemat ica l ly  
u s i n g  t h e  r e c u r s i v e  e q u a t i o n  f o r  each p i p e .  Le t  Sm , r e p r e s e n t  t h e  
n  n+l  
i n p u t  s t a t e  ( o u t  of crown e l e v a t i o n s )  a t  t h e  upst ream end of  a p i p e  from man- 
h o l e  m t o  m where n  r e p r e s e n t s  t h e  i s o n o d a l  l i n e  number and m i s  t h e  man- 
n  n+l  
h o l e  number. The two d e c i s i o n s  invo lved  a r e  t h e  drop i n  crown e l e v a t i o n  from 
t h e  upst ream t o  t h e  downstream end of t h e  p i p e ,  and t h e  d e t e n t i o n  
Dmn mn+l 
s t o r a g e  volume used a t  t h a t  s t a g e ,  Vm - The r e t u r n  ( c o s t )  a t  s t a g e  n  f o r  t h e  
n  
p i p e  i s  r e p r e s e n t e d  by r . The r e c u r s i v e  e q u a t i o n  f o r  each  p i p e  a t  
m 'm 
n  n+l 




where F ( S  ) represents the minimum cost of the system from its upstream n m 'm 
n n+l 
and through manholes m and m 
n n+l ' This procedure is repeated for all pipes 
connecting to manhole m from isonodal line n. The recursive equation con- 
n+l 
sidering all connections to manhole m is 
n+l 
where T .is a vector of connections which identifies whether a pipe 
m 'm 
n n+l 
connects manholes m and mn+l. 
n 
The case where the trial storage volume exceeds the inflow volume bears 
further discussion. First it again should be pointed out that in this case 
the outflow hydrograph from each trial reservoir is assumed the same, with a 
maximum flow of Q 1 5 .  Thus, for the same combination of upstream and downstream 
P 
elevations the same pipe diameter will be chosen. However, if more than one 
trial storage volume exceeds the inflow volume the smallest trial storage 
volume for that stage will be chosen since it has the least associated cost. 
Again for the case where the trial storage volume exceeds the inflow 
* 
volume, it is possible that Q 1 5  is greater than Q (see Fig. 2 . 2 )  for the pre- 
P 
viously considered least-cost combination of pipe elevation and storage volume. 
* 
In that event the minimum of the two values is taken as the Q value for 
the current trial storage volume under consideration. This step helps to in- 
sure that more of the excess storage capacity is utilized. 
Figure 2 . 5  is a flow chart which shows the steps involved in one 
iteration of the DDDP procedure. The establishment of the trial storage 
levels or state space for storage is discussed below. 
The traceback procedure at the end of each iteration establishes a 
least-cost path in terms of pipe elevations and storage levels.' This solution 
2 0  
I I d e n t i f y  s t a g e ,  i sonodal  l i n e s  I and upstream and downstream manholes I 
I 
Determine peak inf low f o r  each 
upstream l a t t i c e  po in t  ( i npu t  s t a t e )  
I 
I Determine l a r g e s t  upstreaml 
p ipe  diameter  I 
e n t i o n  s t o r a  
Se t  d e t e n t i o n  s t o r a g e  
volume l a t t i c e  p o i n t  ks  
( i npu t  s t a t e )  
F ig .  2.5 DDDP Procedure Inc luding  Detent ion S torage  
21 
t 
Determine p i p e  s i z e  t o  be 
used (wi th  o r  wi thout  r i s k )  
I 
Compute c o s t  of connec t ion  
from s t a t e s  k and k s  t o  s t a t e  j ;  
apply  r e c u r s i v e  equa t ion  t o  compute 
cumulat ive c o s t  t o  s t a t e  j 
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Route flow from k to j 
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t I Go to next manhole] 
o r  t r a j e c t o r y  is used a s  t h e  midpoint of a new s e t  of t r i a l  e l e v a t i o n s  and 
s to rage  vokumes ( c o r r i d o r ) .  The 5 s t o r a g e  volumes a r e  gene ra l ly  determined 
by ha lv ing  t h e  s to rage  increment from t h e  previous i t e r a t i o n  and then adding 
and s u b t r a c t i n g  r e s p e c t i v e l y  one and two increments from t h e  l e a s t - c o s t  volume 
from t h e  previous i t e r a t i o n .  There a r e  two except ions  t o  t h i s  gene ra l  procedure: 
e i t h e r  (a)  one of t h e  new t r i a l  volumes i s  g r e a t e r  than t h e  s p e c i f i e d  maximum 
s to rage  o r  (b) one of t h e  new t r i a l  volumes i s  l e s s  than  zero.  
Case ( a )  - This  ca se  is p o s s i b l e  e i t h e r  dur ing  t h e  f i f t h  i t e r a t i o n  when a l l  of 
t h e  s t a t e  spaces increments a r e  doubled i n  o r d e r  t o  help i n s u r e  t h a t  
l o c a l  minima a r e  avoided o r  i f  t h e  l e a s t - c o s t  volume from t h e  pre- 
v ious  i t e r a t i o n  was t h e  maximum s p e c i f i e d  s to rage .  I n  t h i s  case  
t h e  s t o r a g e  s t a t e  space i s  determined by s e t t i n g  t h e  maximum t r i a l  
s to rage  volume equal  t o  t h e  s p e c i f i e d  maximum s t o r a g e  and increment- 
ing  downward 4 equal  increments t o  e s t a b l i s h  t h e  remaining t r i a l  
l e v e l s .  
Case (b) - This  c a s e  could a l s o  be poss ib l e  e i t h e r  i n  t h e  f i f t h  i t e r a t i o n  a s  
descr ibed  above o r  i f  t h e  l e a s t - c o s t  volume from t h e  previous 
i t e r a t i o n  was zero.  Here, t h e  s t o r a g e  s t a t e  space i s  es tab-  
l i s h e d  by s e t t i n g  t h e  lowest  t r i a l  s t o r a g e  a t  zero  and increment- 
ing upwards 4 increments t o  e s t a b l i s h  t h e  remaining t r2al .  
volumes. 
Chapter 3. RISK-DAMAGE COSTS 
3.1 Background 
Since the design flood of a storm sewer is only one of the many 
floods that may occur during its expected service life, there is a proba- 
bility that floods exceeding the design magnitude may also occur during the 
expected service life, causing damages to the sewer system and the areas it 
drains. The assessment of the expected flood damage cost is a complicated 
and difficult task. The major factors that should be considered include: 
(a) the magnitude (depth and volume) of the flood and its 
occurrence probability; 
(b) the capacity of the sewer; 
(c) the temporal and spatial distributions of the flood 
water which in turn depend on the physical characteristics 
of the drainage area and the rainfall; 
(d) the values of the facilities in the drainage area, and the 
losses that the flood may impose on these facilities; and 
(e) the discount rate and expected service period of the sewer. 
With the present knowledge and computer capability, it is not 
possible to account for precisely all the above factors. Some assumptions 
and simplifications are necessary to permit inclusion of the expected damage 
cost in the optimization for a least-cost system design. In the previous 
Phase I project, the damage cost in the event of insufficient sewer capacity 
was assumed to be a constant value regardless of the magnitude of the flood. 
The expected damage cost is computed as the probability of a flood exceeding 
the expected sewer capacity multiplied by this constant damage cost. This 
s i m p l i f i e d  model was adopted p a r t l y  a s  a  f i r s t  s t e p  t o  demons t ra te  how t h e  
damage c o s t  c a n  b e  i n c l u d e d  i n  t h e  o p t i m i z a t i o n  p rocedure .  I n  t h e  p r e s e n t  
p r o j e c t  a s u b s t a n t i a l  improvement is  made by c o n s i d e r i n g  t h e  damage c o s t  a s  
a  f u n c t i o n  o f  t h e  volume of  t h e  f l o o d .  The f o l l o w i n g  s e c t i o n s  s e r v e  a s  a n  
example t o  i l l u s t r a t e  how t h e  improved method can b e  used f o r  sewer d e s i g n .  
3.2.  Flood Volume - Damage Cost  R e l a t i o n s h i p  
The d e s i g n  o f  a  s t o r m  sewer g e n e r a l l y  u s e s  a  peak rate of  f l o w  
a s  t h e  major  d e s i g n  pa ramete r .  F i g u r e  3.1 shows a n  i n f l o w  hydrograph w i t h  
a peak i n f l o w  Q L e t  Q b e  t h e  f low c a p a c i t y  o f  t h e  sewer p i p e .  When Q L ' C L  
exceeds  Q t h e  c a p a c i t y  of  t h e  p i p e  is  i n a d e q u a t e  t o  h a n d l e  t h e  i n f l o w  and C ' 
t h e  e x c e s s  w a t e r  w i l l  c a u s e  f l o o d i n g .  The volume of  w a t e r  i n d i c a t e d  by t h e  
shaded a r e a s  i n  F ig .  3 .1  t h u s  r e p r e s e n t s  t h e  t o t a l  f l o o d  volume. For  g i v e n  
v a l u e s  of  Q C ' QL, and shape  of hydrograph,  t h e  c o r r e s p o n d i n g  volume o f  f l o o d  
w a t e r  can b e  de te rmined .  
0 
T irne 
F i g u r e  3.1.  I n f l o w  hydrograph 
26 
Flooding can r e s u l t  i n  damages t o  p r o p e r t i e s  i n  t h e  v i c i n i t y  of t h 6  
sewer p i p e .  The r e l a t i o n s h i p  f o r  volume of  f l o o d i n g  and t o t a l  damage c o s t  
can be e s t a b l i s h e d  from t h e  r e l a t i o n s h i p  between t h e  volume and dep th  of 
t h e  f l o o d s  and t h e  r e l a t i o n s h i p  between t h e  f l o o d  d e p t h  and damage c o s t  a s  
shown i n  F i g .  3.2 (Tang e t  a l .  1 3 ) ,  The r e s u l t i n g  relations hi^ f o r  an 
1 3  
example g i v e n  i n  Tang e t  a l .  i s  shown i n  F i g .  3 .3  f o r  which t h e  re -  
l a t i o n s h i p  between t h e  f l o o d  volume V and damage c o s t ,  D(Q ,Q  ) ,  whenever 
L  c 
f l o o d i n g  o c c u r s  i s  approximately  l i n e a r ,  i . e . ,  
D(Q,,Q,) = av  + b  ( 3  . 1 )  
I f  t h e  i n f l o w  hydrograph ( F i g .  3 .1 )  i s  approximated by a  t r i a n g l e  w i t h  a b a s e  
e q u a l  t o  t h e  d u r a t i o n  tb and peak e q u a l  t o  Q t h e  f l o o d  volume i s  t h e  a r e a  L  ' 
above t h e  h o r i z o n t a l  l i n e  Q i . e . ,  C ' 
Consequent ly ,  t h e  damage c o s t  i s  
3 . 3 .  Expected Annual Flood Damage 
1 2  A s  d i s c u s s e d  i n  Chapter  5 of Yen e t  a l .  b o t h  QL and Q C , 
a r e  random v a r i a b l e s  s u b j e c t  t o  r i s k s  and u n c e r t a i n t i e s .  For s t a t i s t i c a l l y  
independent  Q and Q t h e  expec ted  a n n u a l  f l o o d  damage may be  expressed  
L  C 
m a t h e m a t i c a l l y  a s  

Figure 3.3 Hypothetical Flood Volume - 
Damage Cost Curve for a Drainage Basin 
where D(Q ,Q ) = flood damage for given known values of QL and QC; and f(QL) 
L C 
and f(Q ) are respectively the probability density functions of Q and C L 
QC. Assuming lognormal distributions for Q and QC (Tang et a~.~). 
L 
i n  which A A and 6 QL' QC 6 a r e  r e spec t ive ly ,  t h e  means and standard QL' QC 
dev ia t ions  of t h e  transformed random v a r i a b l e s  RnQ L and RnQ c ' According t o  
* 
Ang and Tang , f o r  c o e f f i c i e n t s  of v a r i a t i o n  f o r  Q L and QC l e s s  than 
0.3, 6 Q a n d 6  QL QL QC " "cc. 
Moreover, 
and 
where t h e  bar  r ep resen t s  mean va lue  of t h e  parameter.  ' 
3 . 4 .  Estimation by Double I n t e g r a t i o n  
The expected annual damage cos t  expressed i n  Eq. 3.4 involves 
double i n t e g r a t i o n  and i t s  evalua t ion  may be accomplished i n  two s t ages .  
F i r s t ,  f o r  a given QL, t h e  expected f lood damage, D(QL), can be computed 
i n t e g r a t i n g  t h e  damage funct ion ,  over  poss ib l e  va lues  
The i n t e g r a t i o n  l i m i t s  of 0 t o .  can be s impl i f i ed  by i n t e g r a t i n g  wi th in  t h e  
l i m i t s  of Q = 0 t o  Q because when Q 1 Q t h e r e  i s  no f looding  ( see  Fig .  C L C L 
3.1) and consequently D(QL, QC) = 0 .  
* Ang, A.H.S. and W. H. Tang, P r o b a b i l i t y  Concepts l'n.Engineering Planning 
and Design, Vol. I: Basic P r i n c i p l e s ,  John Wiley and Sons, 1975. 
To account for the randomness of the inflow, values of QL 
corresponding to several equivalent return periods are considered. 
For each return period T the probability of exceedance is 1/T . 
r ' r 
Hence the corresponding value of Q is associated with the (1-11~~) 
L 
percentile value of the lognormally distributed inflow, which may be 
computed from 
-1 1 QL = exP [AQL + 6QL @ (1- 
r 
- 1 
where @ ( ) is the inverse of the cumulative standard normal distribution 
defined as 
For each return period T D(QL) is computed using Eq. 3.9 for 
r ' 
a specified pipe diameter and slope. The resulting value of D(Q ) and the 
L 
respective probability of exceedance in any given year ( 1 / ~  ) can be plotted 
r 
to establish a damage-frequency curve as shown in Fig. 3.4a for a given pipe 
diameter and slope. The area under this damage-frequency curve is the 
average annual expected damage which can be expressed as 
For an expected service life of N years, the total expected flood 
damage over this period can be discounted to a single present worth value as 
D (QL)  
Damage Cost 
D (QL)  
Damage Cost 
Area = Average Annual 
Expected Damage 
0.01 0.1 0.5 
Probability of Exceedance ( I/T,) 
Equivalent Return Period ( Tr ) 
( a )  For One Diameter 
0.0 1 0. I 0.5 
Probabil ify of Exceedance ( l /Tr )  
( b )  For Various Diameters 
Figure 3.4 Damage-Frequency Curves 
Cost 
where D is  t h e  p r e s e n t  v a l u e  of  f l o o d  damage and pwf(rZ,N) is  t h e  uniform P 
s e r i e s  p r e s e n t  worth f a c t o r  f o r  a n  i n t e r e s t  r a t e  o f  r% p e r  y e a r  and a  t ime 
p e r i o d  of N y e a r s .  The expec ted  t o t a l  c o s t  a s s o c i a t e d  w i t h  a  p a r t i c u l a r  p i p e  
d e s i g n  ( d i a m e t e r  and s l o p e )  is  s imply  t h e  sum of  D and t h e  i n s t a l l a t i o n  
P 
c o s t  of t h e  p i p e .  
The above p rocedure  of computing D and D can be  r e p e a t e d  f o r  A P 
s e v e r a l  commercial p i p e  s i z e s  m a i n t a i n i n g  t h e  same s l o p e .  For  each p i p e  
s i z e  t h e  t o t a l  expec ted  c o s t ,  i . e . ,  I) p l u s  i n s t a l l a t i o n  c o s t ,  is computed. The P 
p i p c  s i z e  cor respond ing  t o  t h e  minimum t o t a l  expcc tcd  c o s t  i s  then s e l e c t e d  a s  
t h e  b e s t  f o r  t h e  p a r t i c u l a r  s l o p e .  The r e s u l t i n g  damage-frequency c u r v e s  f o r  
t h r e e  d i a m e t e r s  assuming t h e  same p i p e  s l o p e  a r e  shown i n  F ig .  3.4b.  I t  
i s  obv ious  t h a t  a s  t h e  d i a m e t e r  i n c r e a s e s  t h e  a n n u a l  expec ted  damages d e c r e a s e ;  
however, t h e  i n s t a l l a t i o n  c o s t  of t h e  sewer p i p e  i n c r e a s e s  a s  t h e  d i a m e t e r  
i n c r e a s e s .  I t  i s  th rough  t h i s  t r a d e - o f f  t h a t  a  p r o p e r  b a l a n c e  can be  main ta ined  
between t h e  i n s t a l l a t i o n  c o s t  and p o t e n t i a l  f l o o d  damage c o s t s .  T h i s  p rocedure  
of a c c o u n t i n g  f o r  p o t e n t i a l  f l o o d  damages h a s  been used i n  c o n j u n c t i o n  w i t h  an  
o p t i m i z a t i o n  p rocedure  a s  b r i e f l y  d e s c r i b e d  i n  t h e  f o l l o w i n g  c h a p t e r  such 
t h a t  minimum c o s t  d e s i g n s  of sewer sys tems can be a c h i e v e d .  
Using t h i s  d o u b l e - i n t e g r a t i o n  approach ,  a n  example of a  l e a s t - c o s t  
sewer d e s i g n  f o r  t h e  d r a i n a g e  b a s i n  g i v e n  i n  ASCE Manual 37 has  been p r e s e n t e d  
Tang e t  a l .  1 3  
3.5.  E s t i m a t i o n  by Sing1.e I n t e g r a l  -
I n  s p i t e  of t h e  s i m p l i c i t y  i n  form of E q .  3 .4 ,  t h e  computat ion 
i n v o l v i n g  doub le  i n t e g r a t i o n  t o  o b t a i n  t h e  expec ted  annual. damage c o s t  i s  
t e d i o u s  and c o s t l y  because  of t h e  r e p e a t e d  c a l c u l a t i o n s  f o r  v a r i o u s  com- 
b i n a t i o n s  of  0 and 6 f o r  each p i p e  s i z e  and l o c a t i o n .  T h e r e f o r e ,  a L C 
s i m p l e r  approx imat ion  i n v o l v i n g  o n l y  s i n g l e  i n t e g r a t i o n  i s  developed.  
Assuming bo th  Q and Q t o  be  lognormal random v a r i a b l e s ,  t h e  L  C 
r a t i o  qL/QC w i l l  a l s o  be lognormal ly  d i s t r i b u t e d  w i th  t h e  mean and s t anda rd  
d e v i a t i o n  of Rn(Q / Q  ) a s  L  C 
I f  t h e  damage func t i on ,  D, can be  expressed i n  terms of z = Q / Q  on ly ,  t h e n  
L  C 
t h e  expected annua l  damage g iven  p r ev ious ly  by Eq. 3.4 can be eva lua ted  from 
a  s i n g l e  Tn t eg ra l  as 
i n  which 
For  i n s t a n c e ,  cons ide r  t h e  h y p o t h e t i c a l  sewer de s ign  of  t h e  ASCE 
Basin  g iven  i n  Tang e t  a1.13 a s  an example. For t h e  c a s e  of a  s t r u c t u r e  u n i t  
v a l u e  equa l  t o  $75,000, t h e  c o e f f i c i e n t s  i n  Eq. 3 . 1  a r e  a = 0.92 and b  = 
6800 (F ig .  3 .3 ) .  Hence, f o r  r a i n f a l l  d u r a t i o n  t = 10 min and assuming f o r  t h e  d  
t r i a n g u l a r  i n f l ow  hydrograph t = 2 td ,  Eq. 3 .3  can be r e w r i t t e n ,  w i th  damage b  
c o s t s  i n  d o l l a r s ,  a s  2 [ (Q,/Q,) - 11 
D(QL, 9,) = 552 Q + 6800 (3.18) C QL/Qc 
where Q and Q a r e  i n  c f s .  Although Eq. 3.18 i n d i c a t e s  t h a t  t h e  damage D L  C 
cannot  be  expressed  i n  terms of Q / Q  o n l y , t h e  r a t i o  L  C Q ~ / Q ~  i s  a  dominant 
v a r i a b l e  i n  t h e  damage exp re s s ion .  The nex t  s t e p  i s  t o  e x p l o r e  t h e  p o s s i b i l i t y  
of an  approximate  e x p r e s s i o n  o f  damage D i n  terms of Q / Q  
L C '  
For  t h e  o p t i m a l  d e s i g n  of a g i v e n  p i p e  i n  t h e  DDDP approach,  t h e  
mean i n f l o w  6 i s  known. The l i k e l y  v a l u e s  o f  Q a s s o c i a t e d  w i t h  t h a t  
L L 
p i p e  would perhaps  range  from G / 2  t o  3q ( t h i s  cor responds  t o  a range  of L L 
-2, t o  f 8  t imes  of s t a n d a r d  d e v i a t 2 o n s  from t h e  mean). A t  t h e  same t ime ,  t h e  
range  of l i k e l y  v a l u e s  of Q f o r  t h a t  p i p e  may be assumed t o  b e  between 0 12 C L 
and 5gL (assuming a maximum s a f e t y  f a c t o r  v a l u e  of 2 t o  3 ) .  Theref o r e ,  in-  
s t e a d  of e s t a b l i s h i n g  t h e  approximate  f u n c t i o n  D o v e r  a l l  p o s s i b l e  combinat ions  
of QL and QC f o r  t h e  e n t i r e  s torm sewer network,  i t  would b e  more a c c u r a t e  t o  
e s t a b l i s h  t h e  approximate  f u n c t i o n  D(Q / Q  ) f o r  a g i v e n  v a l u e  of G 
L C L ' 
The procedure  of e s t a b l i s h i n g  t h e  approximate  f u n c t i o n  D(Q / Q  ) i s  a s  L C 
f o l l o w s  : 
- 
( i )  S e l e c t  t h e  l e v e l  of G e . g . ,  QL = 2 c f s  L ' 
- 
( i i )  E s t a b l i s h  t h e  l i k e l y  v a l u e  of Q and QC based on 6 12 '- QC '- 5 QL, L L 
and GL/2 ' QL 3GL For  6 = 2 c f s ,  1 ' QL 5 and 1' Q 5 1 0  L C 
( i i i )  S e l e c t  a n  a p p r o p r i a t e  increment  A f o r  Q and Q L C 
( i v )  Based on t h e  domains o f  Q and QC i n  ( i i )  and t h e  increment  A L 
i n  ( i i i ) ,  l i s t  a l l p o s s i b l e  combinat ions  o f Q  a n d Q  Since  L C ' 
t h e r e  w i l l  b e  no f l o o d  when Q ~ / Q ~  < 1; and Q / Q  > 4 d e n o t e s  an  L C 
ex t remely  r a r e  e v e n t ,  t h o s e  combinat ions  hav ing  t h e  r a t i o  Q / Q  L C 
and f a l l i n g  i n  t h e s e  two r a n g e s  w i l l  b e  ignored .  
v )  For  each combinat ion (Q L ' QC) i d e n t i f i e d  i n  ( i v ) ,  c a l c u l a t e  t h e  
damage D accord ing  t o  Eq. 3 .3  o r  Eq. 3.18 and a l s o  c a l c u l a t e  t h e  
r a t i o  QL/QC. 
( v i )  P l o t  D v s .  Q / Q  f o r  a l l  p o s s i b l e  combinat ions  (Q L ' Q,) i d e n t i f i e d  L C 
i n  ( i v )  . 
( v i i )  Through r e g r e s s i o n  a n a l y s i s  e s t a b l i s h . t h e  damage c o s t ,  D ,  as 
a f u n c t i o n  of Q / Q  L c' 
Tab le  3.1 summarizes t h e  d i f f e r e n t  l e v e l s  of 0 f o r  which approximate  L  
e x p r e s s i o n s  of D(Q L,  QC) a r e  de te rmined ,  t o g e t h e r  w i t h  t h e  r a n g e  of v a l u e s  
of QL, QC, and t h e  increment  A used i n  each c a s e .  For  e a c h  l e v e l  of 6 t h e  L  ' 
damage v a l u e s  are p l o t t e d  a g a i n s t  t h e  r a t i o  Q /Q  as shown i n  F i g s .  3 . 5 ( a )  
L  C 
th rough  ( g ) .  I n  a l l  c a s e s ,  a l i n e a r  r e l a t i o n  a p p e a r s  t o  f i t  t h e  d a t a  p o i n t s .  
A l i n e a r  r e g r e s s i o n  a n a l y s i s  i s  performed f o r  each g raph  t o  e s t a b l i s h  t h e  
approximate  r e l a t i o n s h i p  between t h e  damage c o s t  and Q /Q  i .e . ,  L  c' 
The r e s u l t s  of t h e  l i n e a r  r e g r e s s i o n  a n a l y s i s  f o r  d i f f e r e n t  G are summarized L  
i n  Tab le  3.2. S i n c e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  a t  least 0.78 f o r  a l l  
c a s e s ,  t h e  e r r o r  i n  u s i n g  t h e  r e g r e s s i o n  l i n e  as t h e  approx imate  formula  of 
D i s  expec ted  t o  b e  s m a l l .  
I n  a c t u a l  a p p l i c a t i o n ,  t h e  v a l u e s  o f  6 L a t  each  p i p e  s t a g e  w i l l  
g e n e r a l l y  n o t  be  e x a c t l y  t h o s e  l i s t e d  i n  Tab les  3 . 1  and 3 .2 .  I n  o r d e r  t o  
e s t a b l i s h  a g e n e r a l  e x p r e s s i o n  of t h e  damage c o s t  a s  a f u n c t i o n  o f  Q / Q  f o r  L  C 
any g i v e n  v a l u e  of 0 t h e  c o e f f i c i e n t s  c  and m i n  Eq .  3.19. may be expressed  L  ' 
as a f u n c t i o n  of 6 By p l o t t i n g  t h e  v a l u e s  of t h e  i n t e r c e p t  c  and G from L ' L 
Table  3 .2 ,  a l i n e a r l y  d e c r e a s i n g  t r e n d  may be v i s u a l i z e d  i n  F ig .  3.6.  Per-  
forming a  l i n e a r  r e g r e s s i o n  a n a l y s i s  a g a i n ,  t h e  c o e f f i c i e n t  c  can  be  p r e d i c t e d  
f o r  a  g i v e n  v a l u e  of 6 as L  
c  = 6956 - 157 GL 2  5 GL 5 50 (3 .20)  
The c o r r e l a t i o n  c o e f f i c i e n t  between c  and 6 i s  computed t o  b e  0.978, L  
implying t h a t  t h e  e r r o r  i n  u s i n g  Eq.  3.20 w i l l  be  small. S i m i l a r l y ,  l i n e a r  
r e g r e s s i o n  a n a l y s i s  based on t h e  d a t a  f o r  m i n  Tab le  3.2 p l o t t e d  on F ig .  
TABLE 3.1.  Ranges on Q and Q f o r  Approximate Damage C L 
Cost Func t ion  Dete rmina t ion  
Range of 
QL 
Range of Increment 
A 
c f s  c f s  c f s  c f s  
TABLE 3.2. L i n e a r  Regress ion  R e s u l t s  f o r  D vs. Q / Q  f o r  D i f f e r e n t  6 L C L 
c f s  
Damage 
I n t e r c e p t  
C 
S lope  
m 
C o r r e l a t i o n  






3.7 y i e l d s  
- 
m = - 70 + 161.5 GL 2  '- QL 5 50 (3.21) 
w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  of 0.992. 
Based on t h e  approximated damage f u n c t i o n  D ( Q  / Q  ) e s t a b l i s h e d  i n  L C 
Eq. 3.19 w i th  c  and m from Eqs. 3.20 and 3.21, t h e  expec ted  annua l  f l ood  
damage can  subsequent ly  b e  computed from Eq. 3.16. For each p ipe  s t a g e  i n  
t h e  DDDP procedure ,  t h e  mean i n f l ow  is  known. Moreover, f o r  each p ipe  s i z e  
and s l o p e  cons idered ,  t h e  mean f low c a p a c i t y  is  a l s o  known. With g iven  v a l u e s  
of GL and 9 t h e  parameters  h and dLC of  t h e  lognormal d i s t r i b u t i o n  of C ' L C  
= Q /Q can be  eva lua t ed  from Eqs. 3.14 and 3.15. For  i n s t a n c e ,  f o r  t h e  
L C 
h y p o t h e t i c a l  ASCE Basin  sewer system which was designed u s ing  t h e  double  
i n t e g r a l  method by Tang e t  a1.13, w i t h  t h e  example v a l u e s  of t h e  c o e f f i c i e n t s  
of v a r i a t i o n  D = 0.23 and R = 0.13, from Eqs. 3.7 and 3 .8 ,  QL QC 
and from Eqs. 3.14 and 3.15, no t i ng  t h a t  6 QL " R Q ~  and 6 QC " L'Qc f o r  R < 0.3,  
With t h e s e  v a l u e s  of h and 6LC t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of z  = Q /Q  L C  L C 
i s  de f i ned  by Eq. 3.17. Subsequent ly ,  w i t h  f ( z )  from Eq. 3.17 and D(z) from 
Eq. 3.19,  t h e  approximate expected annua l  damage can b e  computed by us ing  t h e  
s i n g l e  i n t e g r a l  exp re s s ion ,  Eq. 3.16. The computed r e s u l t s  of  D f o r  t h e  A 
h y p o t h e t i c a l  example are g iven  i n  Tab le  3.3.  
TABLE 3.3. Comparison Of Expected Annual Damage Determined by 
Double I n t e g r a t i o n  and S ing le  I n t e g r a l  
DA by DA Dif fe rence  
- 
QL S ing le  I n t e g r a l  Double I n t e g r a t i o n  (S ingle-Double) /~ouble  
cf s 
-
cf s $ $ % 
These results can be compared to those obtained from double inte- 
gration which are also listed in Table 3.3. The percentage difference of D A 
computed by using the two different methods is generally small, mostly less 
than 10%. Hence the approximate single integral expression for the expected 
annual flood damage is adopted for further analysis in the DDDP procedure 
for optimal design of storm sewer system. 
CHAPTER 4  SURFACE RUNOFF DETERMINATION 
The ILSD models developed previous ly  r e q u i r e  t h e  u s e r  t o  supply 
i n l e t  hydrographs a t  each manhole. The development of t h e s e  hydrographs 
was t h e  r e s p o n s i b i l i t y  of t h e  use r .  I n  t h i s  phase of i n v e s t i g a t i o n  an opt ion-  
a l  su r f ace  runoff  c a l c u l a t i o n  has  been added t o  genera te  i n l e t  hydrographs 
from t h e  r a i n f a l l .  The procedure i s  e s s e n t i a l l y  t h e  su r f ace  runoff  po r t ion  
of t h e  I l l i n o i s  Urban Drainage Area Simulator  (ILLUDAS) model devel- 
oped a t  t h e  I l l i n o i s  S t a t e  Water Survey ( T e r s t r i e p  and S t a l l ,  1974).  This  
s u r f a c e  runoff  model was adopted because of i t s  r e l a t i v e  s i m p l i c i t y  and p r a c t i -  
c a l i t y  i n  terms of ,requirements i n  d a t a  and computer t ime. Other s u r f a c e  run- 
o f f  models can be added i f  i t  i s  deemed appropr i a t e .  
4 .1  Basic  Formulation 
The s u r f a c e  runoff model i s  based on t h e  time-area o r  isochrone concept.  
I n  t h i s  approach t h e  catchment i s  divided i n t o  a  s e r i e s  of zones bounded by l i n e s  
of equal  t r a v e l  t ime t o  t h e  o u t l e t  a s  shown i n  Fig.  4 . l a .  A graph of c o n t r i -  




Fig.  4 .1 Time-Area Diagram 
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The runoff  hydrograph o r d i n a t e  Q a t  any t ime t is given by j j 
where i is t h e  r a i n f a l l  excess  r a t e  ( r a i n f a l l  which becomes s u r f a c e  runof f )  
I 
i n  time i n t e r v a l  k and AA i s  t h e  incremental  a r e a  between isochrones.  D e t a i l s  
I of t h e  s u r f a c e  runoff model can be  found i n  T e r s t r i e p  and S t a l l  (1974). 
4.2 ILLUDAS Hydrograph Generation 
-- 
The s u r f a c e  runoff hydrograph genera t ion  procedure f o r  a catchment 
i cons iders  t h e  combined runoff hydrograph t o  be made up of t h e  runoff hydrograph 
from paved a r e a s  and pervious a r e a s .  The time-area method is  app l i ed  t o  t h e  
1 paved and pervious a r e a s  t o  genera te  t h e  corresponding hydrographs s e p a r a t e l y  
and then  they  a r e  combined toge the r  a s  t h e  i n l e t  hydrograph. The pervious a rea  
I 
hydrograph inc ludes  t h e  runoff  from impervious a r e a s  which d r a i n  t o  perv ious  
1 a r e a s  be fo re  reaching t h e  catchment o u t l e t .  The procedure i s  descr ibed  below. 
i 4.2.1 Impervious Area Hydrograph 
The a p p l i c a t i o n  of Eq, 4 . 1  r e q u i r e s  t h a t  t h e  p r e c i p i t a t i o n  excess  be 
I 
i determined and a time-area r e l a t i o n s h i p  be  developed. The time-area r e l a t i o n -  
s h i p  i s  determined f o r  t h e  impervious a r e a  by f i r s t  c a l c u l a t i n g  t h e  t o t a l  imper- 
i v ious  a r e a  which d r a i n s  d i r e c t l y  t o  t h e  sewer i n l e t  without  encounter ing any 
pervious su r f aces .  This  would inc lude  s t r e e t s ,  driveways, parking l o t s  and 1 
I 
r o o f s  which do no t  d r a i n  onto  pervious su r f aces .  The t o t a l  t r a v e l  t ime from 
t h e  f u r t h e s t  p o i n t  of t h e  paved a r e a  from t h e  i n l e t  i s  then determined. The 
j 
time-area curve i s  then assumed t o  b e  l i n e a r  and def ined  by t h e  o r i g i n  and t h e  
, 
j po in t  def ined  by t h e  t o t a l  paved a r e a  and i t s  time of concent ra t ion .  
The time of concent ra t ion  can be es t imated  independent ly o r  computed 
wi th in  t h e  model. The model uses  Manning's formula t o  e s t ima te  a  g u t t e r  flow 
v e l o c i t y  and adds t o  t h e  g u t t e r  f low time an es t imated  paved a r e a  overland 
flow time of 2.0 min. 
i n  which R i s  t h e  hydrau l i c  r a d i u s  of t h e  g u t t e r  flow and is taken  a s  0.2 f t ;  
n  i s  Manning's roughness f a c t o r  taken a s  0.02, and S i s  t h e  g u t t e r  s lope .  The 
g u t t e r  flow t ime is  then  computed a s  t h e  g u t t e r  length  d iv ided  by V. 
For t h e  impervious a r e a  t h e  only a b s t r a c t i o n s  u t i l i z e d  a r e  i n i t i a l  
l o s s e s ,  i . e . ,  i n t e r c e p t i o n  and depression s to rage .  These a r e  assumed t o  be 
s a t i s f i e d  a t  t h e  beginning of t h e  r a i n f a l l ,  a f t e r  which t h e  r a i n f a l l  excess  
r a t e  i.s assumed equal  t o  t h e  t o t a l  r a i n f a l l  r a t e .  The hyetograph can be suppl ied  
independent ly o r  a  t o t a l  r a i n f a l l  depth and d u r a t i o n  provided wi th  t h e  hyeto- 
graph be ing  computed wi th in  t h e  model us ing  a  b u i l t - i n  d i s t r i b u t i o n  developed 
from I l l i n o i s  storms. 
4.2.2 Pervious Area Hydrograph 
A s  w i th  t h e  impervious a r e a ,  t h e  time-area r e l a t i o n s h i p  i s  aga in  assumed 
t o  be  l i n e a r .  The end po in t  of t h e  graph i s  t h e  t o t a l  perv ious  a r e a  con t r ibu t ing  
t o  flow a t  t h e  sewer i n l e t  and t h e  time of concent ra t ion  of t h i s  a r e a .  This  
time of concent ra t ion  can be es t imated  independent ly o r  w i th in  t h e  model us ing  
I z z a r d ' s  formula (1946) with t h e  roughness c o e f f i c i e n t  equa l  t o  0.05 and r a i n f a l l  
i n t e n s i t y  i = 1 .0  i n , / h r .  Under t hese  cond i t i ons  I z z a r d ' s  formula is given by 
L 113 te  = 2.08 (-g) (4.3) 
i n  which te i s  t h e  time of equi l ibr ium i n  min f o r  t h e  perv ious  overland flow 
su r face ;  L is  t h e  l eng th  of overland flow i n  f t ,  and S is t h e  s lope  of t h e  
pervious sur face .  The t o t a l  time of concent ra t ion  is  then t h e  sum of te as 
computed above and t h e  time of concent ra t ion  f o r  t h e  paved a rea .  
The e f f e c t i v e  r a i n f a l l  is  t h e  t o t a l  r a i n f a l l  l e s s  a b s t r a c t i o n s .  
I n  t h i s  case  t h e  t o t a l  r a i n f a l l  f o r  t h e  pervious a r e a  i s  increased above t h e  
a c t u a l  r a i n f a l l  t o  account f o r  runoff from impervious a r e a s  which d r a i n  i n t o  
t h e  pervious a r e a s  (termed supplemental impervious a r e a ) .  Drainage onto t h e  per- 
vious a r e a  i s  assumed t o  occur ins tan taneous ly  and uniformly thereby e f f e c t i v e l y  
inc reas ing  t h e  o r i g i n a l  t o t a l  r a i n f a l l  on t h e  pervious a r e a .  The amount of 
t h e  inc rease  is  equal t o  t h e  r a t i o  of t h e  supplemental impervious a r e a  t o  t h e  
pervious a rea .  The t o t a l  r a i n f a l l  f o r  t h e  pervious a r e a  i s  t h e r e f o r e  given by 
where TR i s  t h e  t o t a l  r a i n f a l l  f o r  time increment j ,  R. i s  t h e  a c t u a l  r a i n f a l l  j J 
on t h e  catchment during time increment j ,  SIA and PA a r e  t h e  supplemental imper- 
vious a rea  and pervious a r e a  r e spec t ive ly .  This  t o t a l  r a i n f a l l  hyetograph i s  
then used a s  t h e  b a s i s  and a b s t r a c t i o n s  a r e  deducted t o  o b t a i n  t h e  r a i n f a l l  
excess hyetograph. 
4 .2 .3  Pervious Area Abst rac t ions  
Pervious a r e a  a b s t r a c t i o n s  inc lude  i n t e r c e p t i o n ,  depress ion  s to rage  
and i n f i l t r a t i o n .  The f i r s t  two a r e  assumed t o  be s a t i s f i e d  be fo re  any r a i n f a l l  
is  a v a i l a b l e  f o r  i n f i l t r a t i o n .  A va lue  of 0.2 i n .  is  the  d e f a u l t  value f o r  
t h e  i n i t i a l  a b s t r a c t i o n s  f o r  the  pervious a r e a  b u t  any va lue  can be spec i f i ed .  
The i n f i l t r a t i o n  model is  based on t h e  IIorton equat ion  
where f  i s  the  i n f i l t r a t i o n  capac i ty ,  f  and f a r e  t he  i n i t i a l  and f i n a l  capac- 
0 C 
i t i e s ,  r e s p e c t i v e l y ,  k i s  a decay f a c t o r  and t i s  time. This  model was adopted 
a f t e r  a n a l y s i s  of f i e l d  d a t a  using methodology descr ibed by Holton (1961). 
Values of f  and f c  i n  glq. 4.5 a r e  s e l e c t e d  according t o  s o i l  type  and 
0 
-1 five-day antecedent  p r e c i p i t a t i o n .  The va lue  of k used i n  t h e  model is  2.0 h r  
Table 4.1 desc r ibes  t h e  fou r  antecedent  moisture condi t ions  used. 






Descr ip t ion  
Bone dry 
Rather dry  
Rather wet 
4  Sa tu ra t ed  
The va lues  of f  and f 
0 C 
used ILLUDAS a r e  shown Table 4.2. 
I 
5-Day Antecedent I  
P r e c i p i t a t i o n  ( i n . )  
T a b l e  4.2 ILLUDAS I n f i l t r a t i o n  Paramete rs  
SCS Hydrologic  
S o i l  Group 
f  ( i n . / h r )  f o r  
0 
AMC Des igna t ion  
D e s c r i p t i o n  f  ( i n . / h r )  - 1 2 3 4 
C 
High i n f i l t r a t i o n  r a t e s  1 .O 10 .0  6.49 3.33 1.32 
(sand and g r a v e l )  
Moderate i n f  il. r a t e s  0.5 8.0 5 .23 2.63 1 .18 
and moderate ly  w e l l  
d r a i n e d  
Slow i n f i l .  rates 0.25 5 . 0  3.10 1.37 0.28 
Very s l o w  i n f  il. r a t e s  0.10 3 . 0  1 .66 0 .28 0.10 
( c l a y s  w i t h  permanent 
h i g h  w a t e r  t a b l e  and 
h i g h  s w e l l i n g  p o t e n t i a l )  
For  each hyetograph t ime  increment  t h e  i n f i l t r a t i o n  c a p a c i t y  i s  com- 
puted u s i n g  Eq. 4 .5 .  I f  t h e  r a i n f a l l  i n t e n s i t y  i is  e q u a l  t o  o r  g r e a t e r  t h a n  
f  t h e  e f f e c t i v e  r a i n f a l l  rate is i - f .  I f  f  exceeds  i then t h e  e f f e c t i v e  r a i n -  
f a l l  i s  z e r o  f o r  t h a t  increment  and t h e  i n f i l t r a t i o n  c a p a c i t y  d u r i n g  t h a t  in -  
crement i s  d e c r e a s e d  such t h a t  t h e  t o t a l  i n c r e m e n t a l  i n f i l t r a t i o n  and r a i n f a l l  
d e p t h s  a r e  e q u a l .  T h i s  e s t a b l i s h e s  a  new v a l u e  o f  f  a t  t h e  end o f  the t ime in -  
crement  s o  t h a t  i n  e f f e c t  t i n  Eq. 4 .5  no l o n g e r  cor responds  t o  r e a l  t i m e .  
A f t e r  t h e  r a i n f a l l  e x c e s s  hye tograph  f o r  t h e  p e r v i o u s  a r e a  is d e t e r -  
mined t h e  time-area r e l a t i o n s h i p  is a p p l i e d  a c c o r d i n g  t o  Eq.  4.1 t o  o b t a i n  t h e  
p e r v i o u s  a r e a  r u n o f f  hydrograph. 
4.2.4 T o t a l  Runoff Hydrograph 
The p e r v i o u s  and impervious  area hydrograph o r d i n a t e s  are b o t h  com- 
pu ted  u s i n g  a common t i m e  s c a l e  w i t h  t h e  same t i m e  increment .  The t o t a l  run- 
o f f  hydrograph i s  s imply t h e i r  sum. T h i s  p r o c e s s  i s  r e p e a t e d  f o r  each  sewer 
i n l e t  i n  t h e  design.  The a b s t r a c t i o n s  can be  va r i ed  wi th  each sub-basin and 
t h e  r a i n f a l l  excess  hyetograph can a l s o  be  v a r i e d ,  bu t  only i n  cons tan t  pro- 
po r t ion  t o  t h e  o r i g i n a l  s p e c i f i e d  hyetograph. 
The i n l e t  hydrograph, whether produced by t h e  s u r f a c e  runoff op t ion  o r  
suppl ied  by t h e  use r ,  i s  descr ibed  by an  a r r a y  of o rd ina t e s  a t  a prescr ibed  time 
i n t e r v a l .  More than  one o u t l e t  hydrograph can be provided a t  a given manhole 
and the  time i n t e r v a l ,  which is  f ixed  f o r  a given manhole, can vary  wi th  manhole. 
This  f e a t u r e  provides  t h e  f l e x i b i l i t y  of u t i l i z i n g  t h e  i n l e t  hydrographs generated 
from t h e  ILLUDAS s u r f a c e  runoff model t oge the r  wi th  o t h e r s  which a r e  e x t e r n a l l y  
determined. The ILSD models con ta in  an i n t e r p o l a t i o n  procedure which conver t s  
a l l  hydrograph a r r a y s  t o  a s i n g l e  t ime i n t e r v a l  which is  s p e c i f i e d  f o r  sewer 
rou t ing  purposes.  
CHAPTER 5. ADD1 TIONAL IMPROVEMENTS 
In  add i t ion  t o  the  major add i t ions  t o  the  model described i n  previous 
chapters ,  a  number of a d d i t i o n a l  changes have been made of a  more minor na ture .  
These changes inc rease  t h e  u t i l i t y  of t h e  model from t h e  u s e r ' s  viewpoint and 
a r e  described i n  t h i s  chapter .  
5 .1  Isonodal  Line Designation 
The desc r ip t ion  of t h e  system and the  ope ra t ion  of t h e  DDDP procedure 
i s  based on t h e  isonodal  l i n e  concept a s  summarized i n  Chapter 1. The previous  
vers ion  of t h e  model requi red  the  use r  t o  descr ibe  t h e  system layout  i n  terms 
of isonodal  l i n e s .  Although t h i s  d e s c r i p t i o n  i s  n o t  d i f f i c u l t ,  i t  does r equ i re  
t h e  use r  t o  understand the  concept. It is  a  concept which is  necessary a s  f a r  
a s  i n t e r n a l  program opera t ion  i s  concerned b u t  i s  n o t  used i n  conventional  pro- 
cedures and the re fo re  poses an a d d i t i o n a l  burden t o  t h e  use r .  
To avoid t h e  n e c e s s i t y  of t h e  u s e r  descr ib ing  t h e  layout  i n  terms of 
isonodal  l i n e s ,  a  subrout ine  has been w r i t t e n  which i n t e r n a l l y  e s t a b l i s h e s  t h e  
i sonodal  l i n e  desc r ip t ion .  The user  is  requi red  simply t o  number t h e  manholes 
i n  an a r b i t r a r y  way and t o  des ignate  f o r  each manhole t h e  manhole number o r  
numbers of  t h e  manholes immediately upstream. 
This  subrout ine ,  which r ep resen t s  a  va luable  p r a c t i c a l  improvement i n  
the  model, was w r i t t e n  by D r .  Larry W .  Mays* who, a s  a  graduate s tuden t ,  
was involved i n  t h e  i n i t i a l  development of  t he  model. The authors  wish t o  
acknowledge t h i s  a d d i t i o n a l  con t r ibu t ion  by D r .  Mays and apprec ia t e  h i s  con- 
t inued  i n t e r e s t  i n  t h e  s tudy.  
*Assis tant  Professor  of C i v i l  Engineering, The Univers i ty  of Texas a t  Austin 
5.2 ' I n s t a l l a t i o n  ' C o H  Data 
The o r i g i n a l  model u t i l i z e d  a set of c o s t  f u n c t i o n s  developed by Alan 
M. Voorhees and Assoc ia tes  i n  1969. These func t ions  determined t h e  i n s t a l -  
l a t i o n  c o s t  ( m a t e r i a l s  p l u s  excavat ion)  of a p ipe  o r  manhole given t h e  d ia -  
meter and excava t ion  depth.  Recognizing t h a t  t h e s e  func t ions  were developed 
f o r  a s p e c i f i c  p r o j e c t  a t  a s p e c i f i c  t i m e  a more gene ra l  approach was developed 
t o  provide t h e  necessary  cos t  da t a .  
This  approach u t i l i z e s  c o s t  t a b l e s .  Three t ypes  of  c o s t  t a b l e s  a r e  
u t i l i z e d :  p ipe  c o s t ,  excava t ion  c o s t  and manhole c o s t .  Table  5 .1  is  an 
example o f  a p ipe  c o s t  t a b l e .  The c o s t  pe r  u n i t  l eng th  of each s i z e  of p ipe  
f o r  each c l a s s  is provided. P ipe  c l a s s  i s  a func t ion  of  s t r e n g t h ,  w i t h  an 
a l lowable  range of bur ied  depth a s soc i a t ed  w i t h  each c l a s s .  The depth range 
a s soc i a t ed  w i t h  each c l a s s  is provided along w i t h  t h e  c o s t  t a b l e .  The model 
then chooses a p ipe  from the  app rop r i a t e  c l a s s  depending on t h e  crown 
e l e v a t i o n  a t  t h e  downstream end of  t h e  p ipe .  
5 . 1  Example Unit P ipe  Cost Table  
Nominal P ipe  Class  Class  Class  Class  Class  
Diameter I I1 I11 I V  V 
i n .  
A t y p i c a l  excavat ion and manhole c o s t  t a b l e  is shown i n  Table 5.2. 
I 
The u n i t  excavat ion c o s t s  a r e  provided f o r  va r ious  ranges of bur ied  depth. 
The cos t  per  u n i t  l eng th  of manhole is a l s o  provided a s  a  func t ion  of depth. 
1 
Of course t h e  depth v a r i a t i o n  c a p a b i l i t y  need n o t  b e  used i f  constant  u n i t  
I c o s t s  a r e  u t i l i z e d .  
TABLE 5.2 Example Unit Excavation and Manhole Cost Table 
Depth Excavation Cost Manhole Cost 
f t  $/CU yd $ / f  t depth 
I n  computing t h e  excavat ion volume t h e  d i f f e r e n c e  between t h e  average 
ground and p ipe  i n v e r t  e l e v a t i o n s  i s  used a s  t h e  depth and t h e  p ipe  diameter 
i s  used a s  t h e  width. In  computing t h e  manhole depth t h e  minimum i n v e r t  
e l e v a t i o n  of any p ipe  a t  the  manhole i s  used a s  t h e  e l e v a t i o n  of t h e  bottom 
of t h e  manhole. 
This  method of providing cos t  d a t a  is very  appea l ing  t o  t h e  engineer  
s i n c e  i t  is  very  c lose  t o  t h e  format t h a t  i s  commonly used i n  engineering p r a c t i c e .  
5 . 3  Crown and I n v e r t  E leva t ion  Cons t r a in t s  
I n  any layout  t h e r e  i s  the  p o s s i b i l i t y  t h a t  a  p ipe  e l e v a t i o n  l i m i t a t i o n  
of some kind i s  requi red  a t  one o r  more po in t s .  For example, t he  o u t l e t  i n v e r t  
may be requi red  t o  be  above a  c e r t a i n  r ece iv ing  water  s u r f a c e  e l e v a t i o n  o r  
bur ied  u t i l i t y  l i n e s  may cons t r a in  poss ib l e  p ipe  e l e v a t i o n s .  
To account f o r  a t  l e a s t  some of t h e  e l e v a t i o n  c o n s t r a i n t s  f o u r  t ypes  
of c o n s t r a i n t  p o s s i b i l i t i e s  have been in t roduced .  
(a )  The crown e l e v a t i o n  a t  e i t h e r  o r  bo th  ends of any p ipe  can b e  
f i x e d  a t  a  s p e c i f i e d  value.  
(b) An upper l i m i t  on crown e l e v a t i o n  can be  s p e c i f i e d .  
( c )  A lower l i m i t  on i n v e r t  e l e v a t i o n  can be s p e c i f i e d .  
(d) The crown e l e v a t i o n  and the  p ipe  diameter  can be  s p e c i f i e d .  
This means t h a t  t h e  des ign  of  t h i s  p ipe  has  been done e x t e r n a l l y  o r  i t  i s  
an e x i s t i n g  pipe.  
The l a s t  of t h e  above op t ions  pe rmi t s  t h e  model t o  be used i n  s i t u a -  
t i o n s  where a  p o r t i o n  of t h e  layout  a l r e a d y  e x i s t s  and t h e  new des ign  must 
connect t o  i t .  I n  t h a t  event  i t  is  p o s s i b l e  t h a t  an e x i s t i n g  p ipe  w i l l  no t  
have s u f f i c i e n t  capac i ty  t o  c a r r y  t h e  des ign  flow. In  t h i s  ca se  temporary 
s t o r a g e  i s  in t roduced  a t  t h e  upstream end of t h e  e x i s t i n g  p ipe .  The f low i n  
excess  of t h e  p ipe  c a p a c i t y  i s  temporar i ly  s t o r e d  and then  r e l e a s e d  a s  shown 
i n  Fig.  2 . 2 .  Also i n  t h i s  c a s e  t h e  gene ra l  c o n s t r a i n t  of non-decreasing 
p ipe  diameter  i n  t h e  downstream d i r e c t i o n  i s  r e l axed  a s  is  done f o r  t h e  ca se  
of d e t e n t i o n  r e s e r v o i r s  a s  descr ibed  i n  Chapter 2 .  
5.4 I n i t i a l ,  Negat ive Slope Check 
The i n i t i a l  t r i a l  t r a j e c t o r y  ( s e t  of p ipe  e l e v a t i o n s )  f o r  t h e  system 
i s  e s t a b l i s h e d  by t h e  ground s u r f a c e  e l e v a t i o n s  a t  t h e  manholes, t h e  minimum 
bur ied  depth  and the  range of  i n i t i a l  t r i a l  p ipe  e l e v a t i o n s  ( s t a t e  space ) .  It 
i s  p o s s i b l e  t h a t  t he  ground s u r f a c e  may have a  nega t ive  s l o p e  between any two 
manholes, thereby  c r e a t i n g  an i n i t i a l  nega t ive  t r i a l  p ipe  s lope .  Prev ious ly  t h e  
ILSD Model could n o t  accep t  a  nega t ive  s lope  f o r  t h e  i n i t i a l  t r a j e c t o r y .  The 
use r  was r equ i r ed  t o  s p e c i f y  an i n i t i a l  t r a j e c t o r y  without  nega t ive  s l o p e  t o  
s t a r t  t h e  computations.  To f r e e  t h e  u se r  from t h i s  burden a  procedure has  been 
developed t o  check t h e  i n i t i a l  t r i a l  s l o p e s  f o r  t h e  e n t i r e  layout  and t o  ass ign  
p o s i t i v e  s l o p e s  t o  t hose  p ipes  which do no t  i n i t i a l l y  have them. 
The procedure ( f o r  p ipes  without  e l e v a t i o n  c o n s t r a i n t s )  f o r  s l o p e  
adjustment  i s  a s  fol lows:  




S  m i n 2  4 413 = (- 
min 1 (-1 1.49 d  
min 
where V and V a r e  t h e  maximum and minimum al lowable v e l o c i t i e s  a s  
max min 
s p e c i f i e d  by the  u se r  and d and dmin a r e  t h e  maximum and minimum p ipe  
max 
s i z e s  used i n  t h e  design.  
(b) For a  p ipe  wi th  an i n i t i a l  n e g a t i v e  s l o p e  (p ipe  A) t h e  upstream 
p ipe  e l e v a t i o n  i s  h e l d  f i x e d  and S  a s  computed above i s  used t o  e s t i m a t e  
max 
a  new downstream p i p e  e l e v a t i o n .  This  e l e v a t i o n  i s  used a s  t h e  upstream e l e v a t i o n  
of  t h e  n e x t  downstream p ipe  (p ipe  B) and i ts  s l o p e  is  then checked. 
(c )  I f  t h e  s l o p e  of  p ipe  B i s  p o s i t i v e  a f t e r  adjustment  t h e  new 
s l o p e  va lues  f o r  both p ipes  A and B a r e  accepted and t h e  des ign  procedure con- 
t i nued .  I f  n o t  t h e  s l o p e  of  p ipe  A is  decreased by AS where 
AS = O.l(S - s ) 
max min 
The s l o p e  of p ipe  B is  aga in  checked and i f  it  i s  s t i l l  n e g a t i v e  t h e  s l o p e  of  
p ipe  A i s  aga in  decreased by AS. This  process  is  repea ted  u n t i l  p ipes  A and 
B have p o s i t i v e  s l o p e s  o r  u n t i l  t h e  t r i a l  s l o p e  of A reaches  S  . 
min 
(d) I f  p o s i t i v e  s l o p e s  cannot be found us ing  t h e  above procedure an 
e r r o r  message i s  p r i n t e d  and t h e  design procedure i s  s topped a f t e r  a l l  p ipes  
i n  t h e  system a r e  examined f o r  n e g a t i v e  i n i t i a l  s l opes .  
It is  recognized t h a t  t h e  above procedure w i l l  n o t  c o r r e c t  a l l  p o s s i b l e  
nega t ive  s l o p e  s i t u a t i o n s .  However, i t  w i l l  c o r r e c t  many, and a s  more exper ience  
w i th  t h e  model i s  r epo r t ed ,  t h e  procedure can be  improved. 
5 7 
CHAPTER 6 DESIGN EXAMPLES 
Examples of sewer de s igns  f o r  two d r a inage  b a s i n s  a r e  p r e sen t ed  i n  
t h i s  chap t e r  t o  demons t ra te  t h e  v a r i o u s  improvements i n  t h e  model a s  d i s cus sed  
i n  p rev ious  c h a p t e r s .  
6 .1  D e s c r i p t i o n  of Example Drainage Bas ins  
Two example d r a inage  b a s i n s  have been chosen f o r  demons t ra t ion .  The 
f i r s t  is  a d r a inage  b a s i n  t aken  from ASCE Manual o f  Engineer ing  P r a c t i c e  No. 
7 t  
37 . Thi s  b a s i n  is  chosen because of t h e  wide d i s t r i b u t i o n  of t h i s  Manual. 
The second i s  a  small system a long  Goodwin Avenue i n  Urbana, I l l i n o i s .  It is 
chosen because t h e  a c t u a l  de s ign  d a t a  a s  c o n s t r u c t e d  a s  w e l l  a s  d e t a i l e d  b a s i n  
d a t a  a r e  a v a i l a b l e .  For each example b a s i n  de s igns  u s ing  t h e  ILSD Models under 
f i v e  d i f f e r e n t  c o n d i t i o n s  a r e  cons idered :  
( a )  Leas t -cos t  de s ign  w i thou t  cons ide r i ng  r i s k  c o s t s  and d e t e n t i o n  s t o r a g e .  
(b )  Leas t -cos t  de s ign  cons ide r i ng  r i s k  c o s t s  bu t  no t  d e t e n t i o n  s t o r a g e .  
( c )  Leas t -cos t  de s ign  w i th  non-optimized d e t e n t i o n  s t o r a g e  
(d)  Leas t -cos t  de s ign  w i th  opt imized d e t e n t i o n  s t o r a g e  u s ing  two 
d i f f e r e n t  u n i t  s t o r a g e  c o s t s .  
I n  t h e s e  examples t h e  c o s t  schedule  f o r  t h e  sewer p i p e s  and manholes i s  i n  t h e  
c o s t  t a b l e s  g i v e n  i n  S e c t i o n  5 .2 .  
The fo l l owing  d a t a  p e r t a i n  t o  a l l  of t h e  examples: 
9c 
I I  Design and Cons t ruc t i on  of S a n i t a r y  and Storm Sewers," Manuals and Repor t s  
on Engineer ing P r a c t i c e  No. 37, American Soc i e ty  of C i v i l  Engineers ,  1970. 
Minimum s o i l  cover  d e p t h  
Maximum a l l o w a b l e  p i p e  v e l o c i t y  
Minimum a l l o w a b l e  p i p e  v e l o c i t y  
Minimum p i p e  d iamete r  
Number of e l e v a t i o n  l a t t i c e  p o i n t s  
Reduct ion r a t e  of  l a t t i c e  p o i n t  s p a c i n g  
Minimum l a t t i c e  p o i n t  s p a c i n g  
Time increment  
- 12  i n .  
- 120 s e c  
6 .1 .1  ASCE Drainage Bas in  
The l a y o u t ,  i n l e t  ca tchment  b o u n d a r i e s ,  a r e a s  and s u r f a c e  c o n t o u r s  of  t h e  
example ASCE Bas in  a r e  shown i n  F i g .  6 . 1  ( a ) .  The s l o p e s  and runof f  c o e f f i c i e n t s  
shown were used i n  t h e  r a t i o n a l  method d e s i g n  a s  p r e s e n t e d  i n  ASCE Manual. 3 7 .  
F i g u r e  6 . 1  (b )  shows t h e  l a y o u t  w i t h  t h e  a r b i t r a r y  manhole numbering scheme used 
f o r  a l l  example a p p l i c a t i o n s  of t h i s  b a s i n  i n  t h i s  c h a p t e r .  The o t h e r  p e r t i n e n t  
d a t a  a r e  shown i n  T a b l e  6.1.  
6 .1 .2  Goodwin Avenue Drainage Basin  
F i g u r e  6 .2  shows t h e  l a y o u t ,  c o n t o u r s  and manhole numbering scheme 
f o r  t h e  example Goodwin Avenue Drainage Bas in  a t  Urbana, I l l i n o i s .  T a b l e  6.2 g i v e s  
t h e  l e n g t h  of sewers ,  ground e l e v a t i o n s  a t  manholes and d r a i n a g e  a r e a s  f o r  t h e  i n -  
l e t s .  
6.2 I n l e t  Hydrograph Genera t ion  by ILLUDAS S u r f a c e  Runoff Model 
One of  t h e  newly i n c o r p o r a t e d  o p t i o n s  f o r  i n l e t  hydrograph s p e c i f i c a t i o n  
i n  ILSD Models i s  through t h e  u s e  of  t h e  s u r f a c e  runof f  p o r t i o n  of  ILLUDAS t o  
g e n e r a t e  t h e  i n l e t  hydrographs  from r a i n f a l l .  I n  o r d e r  t o  demons t ra te  t h e  
a p p l i c a t i o n  of t h i s  o p t i o n ,  i n l e t  hydrographs  a r e  g e n e r a t e d  f o r  t h e  Goodwin Avenue 


TABLE 6.1 - ASCE Drainage Basin 
Inlet Catchment Data 
Ground Inlet 
Elevation at Sewer Drainage Peak Flow Manhole Number Upstream Manhole Length Area Coefficient 
Upstream Downstream r't ft a c C 
QP . 
cfs 
TABLE 6.2 - Goodwin Avenue Drainage Basin Data 
Ground Sewer Drainage 
Manhole Number Elevation at Length Area 
Upstream Manhole 
Upstream Downstream ft ft ac 
Basin a s  a n  example. The de s ign  s torm has  a  r e t u r n  per iod  of 2  y e a r s ,  a  
d u r a t i o n  of  20 minutes ,  and a  r a i n f a l l  dep th  of 1 . 0 3  i n .  The de s ign  hyetograph 
developed u s ing  t h e  ILLUDAS o p t i o n a l  b u i l t - i n  Huff r a i n f a l l  temporal  d i s t r i b u t i o n  
and o t h e r  p e r t i n e n t  d a t a  a r e  shown i n  Tab le  6 .3 .  The genera ted  i n l e t  hydro- 
graphs f o r  each manhole a r e  summarized i n  Tab le  6.4. 
6 .3  -- Examples Demonstrating Least-Cost Sewer System Design Without Deten t ion  S torage  
Two examples a r e  g iven  i n  t h i s  s e c t i o n  f o r  each of t h e  two d r a inage  
b a s i n s  t o  i l l u s t r a t e  t h e  e f f e c t  of t h e  r i s k  o p t i o n  on t h e  de s ign .  No d e t e n t i o n  
s t o r a g e  is cons idered  i n  t h e s e  examples. For each b a s i n  one example is t h e  
l e a s t - c o s t  system des ign  wi thout  cons ide r i ng  t h e  r i s k  c o s t s .  For t h e  ASCE Basin 
t h i s  i s  e s s e n t i a l l y  t h e  same a s  t h e  cor responding  de s ign  example r epo r t ed  i n  
Yen e t  a l .  (1976) except  t h a t  t h e  c o s t  t a b l e s  g iven  i n  Sec.  5 . 2  a r e  used he r e  
i n s t e a d  of t h e  c o s t  f u n c t i o n s  used p r ev ious ly .  The o t h e r  example i s  t h e  l e a s t -  
c o s t  system des ign  cons ide r i ng  t h e  r i s k  c o s t s  a s  de sc r i bed  i n  Chapter 2 .  
6 .3 .1  ASCE Basin  Sewer Designs 
I n  o r d e r  t o  demonstra te  t h e  f l e x i b i l i t y  of t h e  ILSD models i n  a ccep t i ng  
i n l e t  hydrographs i n  t h i s  example, t r i angu l a r - shape  i n l e t  hydrographs a r e  
a r b i t r a r i l y  chosen, whereas i n  Sec t i on  6.3.2 ILLUDAS-generated i n l e t  hydrographs 
a r e  used f o r  t h e  Goodwin Avenue Basin .  The peak d i s c h a r g e s  £01: t h e  ASCE Basin 
a r e  ob ta ined  based on t h e  in format ion  given i n  ASCE Planual 37. Th i s  w i l l  pro- 
v i d e  some b a s i s  f o r  comparison of t h e  d e s i g n s  ob t a ined  from t h e  proposed models 
w i th  t h e  des ign  u s i n g  t h e  r a t i o n a l  method a s  de sc r i bed  i n  ASCE Manual 37. The 
i n l e t  hydrographs a r e  assumed t o  be  t r i a n g u l a r  and symmetr ical  i n  shape,  a l l  
s t a r t i n g  a t  t = 0. The ba se  t ime of t h e  t r i a n g u l a r  bydrograph is  20 minutes .  
The peak i n l e t  d i s cha rges  a r e  g iven  i n  Tab le  6 .1 .  No ba se  f low is assumed. The 
i n s t a l l a t i o n  c o s t  d a t a  used i n  t h e  des ign  a r e  g iven  i n  Tab l e s  5 . 1  and 5 .2  and t h e  
r i s k  c o s t s  were computed as d e s c r i b e d  i n  Chapter 3.  The o n l y  p i p e  e l e v a t i o n  
6  3  
TABLE 6.3 - - Example.Rainfal1 Input For Goodwin Avenue Basin 
(a) Condition 
Hyetograph Shape HUFF 
Rainfall Frequency (yr) 2.0 
Rainfall Duration (min) 20.0 
Antecedent Moisture Condition 4. 
Input Time Interval of Hyetograph (min) 5.0 
Initial Basin Paved Abstraction (in.) 0.10 
Initial Basin Pervious Abstraction (in.) 0.20 
Basin Elydrologic Soil Group 













Total Rainfall = 1.03 in. 
TABLE 6 .4  - Example I n l e t  Hydrographs Generated For  Goodwin Avenue Bas in  
Manhole (1 )  (2)  (3) (4)  (5) Hydrograph O r d i n a t e s  ( c f s )  
No D C I A  CPA SIA I I T  PIT a t  Times (min) 
a c  a c  a c  min min 0  5 1 0  1 5  20 25 30 35 4n 45 50 55 
11 1 . 9 8  0  0  11 .0  - 0 5.54 7.76 4.55 2.73 1 .30  0 . 2 1  0  
Notes : 
(1)  D C I A  = D i r e c t l y  Connected Impervious Area 
(2)  CPA = Connected P e r v i o u s  Area 
(3)  SIA = Supplemental  Impervious Area 
(4)  I I T  = Impervious Area I n l e t  Time 
(5) PIT = P e r v i o u s  Area I n l e t  Time 
















Design With Risk Cost Optimization 
Invert Elev Pipe Risk Risk 
U/S D/S Slope dim cost 
f t f t % in. $ 
80.56 80.05 0.410 42 222 0.209 
81.56 80.56 0.250 42 342 0.226 
87.10 83.13 0.994 12 0 0.077 
83.20 82.06 0.284 36 858 0.350 
88.07 84.06 1.003 12 321 0.311 
86.30 84.20 0.525 24 328 0.244 
86.43 84.20 0.556 24 38 0.112 
90.10 88.08 0.506 12 62 0.101 
89.71 86.80 0.728 18 0 0.081 
91.45 87.18 1.069 15 394 0.208 
93.90 90.21 0.922 12 38 0.094 
average 0.183 
Installation cost = $49,197 
Expected damage cost = $ 2,602 
I .  Total cost = $51,799 
Design Without Risk Cost Optimization 
Invert Elev Pipe Risk Risk 
U/S D/S Slope dim cost 
ft ft % in. $ 
81.44 80.93 0.410 36 4088 0.650 
82.50 81.44 0.266 36 3590 0.637 
87.10 84.00 0.775 12 207 0.145 
83.20 82.50 0.175 36 3442 0.603 
88.20 85.00 0.800 12 796 0.450 
86.55 84.45 0.525 21 3206 0.630 
87.05 84.45 0.650 21 1114 0.387 
90.10 88.20 0.475 12 123 0.116 
90.15 87.05 0.775 15 1692 0.503 
91.45 87.55 0.975 15 677 0.255 
93.90 90.40 0.875 12 90 0.108 
average 0.408 
Installation cost = $42,836 
Expected damage cost = $19,025 
I Total cost = $61,861 
Rational Method Design from ASCE Manual 
Invert Elev Pipe Risk Risk 
U/S D/S Slope dim cost 
ft f t X in. $ 
80.55 80.05 0.400 36 Surcharged 
82.15 80.55 0.400 36 1388 0.461 
84.55 80.55 0.900 12 62 0.100 
83.75 82.15 0.400 30 Surcharged 
85.75 82.15 0.900 12 567 0.387 
86.15 83.75 0.600 21 2545 0.562 
86.55 83.75 0.700 18 Surcharged 
88.55 85.75 0.700 12 0 0.040 
89.75 86.15 0.900 15 1273 0.451 
90.55 86.55 1.000 15 570 0.241 
93.35 89.75 0.900 12 62 0.100 
Installation cost = $42,235 
Expected damage cost = $20,000 
TABLE 6.6  - Comparison Of Sewer Designs  Without D e t e n t i o n  




U / S  D / s  
Design With Risk  Cost  O p t i m i z a t i o n  
I n v e r t  Elev.  P i p e  Risk  
U /  S D/S S lope  diam Cost R isk  
f t  f t  % i n .  $ 
Design Without R i s k  Cost Opt imiza t ion  
I n v e r t  E lev .  P i p e  R i s k  
U/  S D/S S lope  diam Cost R i s k  
f t f t % i n .  $ 
a v e r a g e  0.057 
I n s t a l l a t i o n  c o s t  = $39,846 
Expected damage c o s t  = 2,153 
a v e r a g e  0 .343 
I n s t a l l a t i o n  c o s t  = $34,133 
Expected damage c o s t  = 35,260 
T o t a l  c o s t  = 41,999 I T o t a l  c o s t  = 69,393 
TABLE 6.7 - Comparison of Sewer System Designs With Detention Storage For ASCE Basin 
Design Wi'th Storage 
Sewer 
Manho 1 e 
No. 
Invert Elev. Stor. Pipe 
U/.S D/S vo 1 Slope d i m  '1 
ft f t % in. ftJ 
Design With Storage Optimized 
Storage cost=$0.50 per cu ft I Storage cost=$0.10 per cu ft 
$ert Elev. Stor Invert Elev. Pipe Pipe 
U/S D/S Slope diam vo 1 D/S Slope d i m  vol 
'1 
f t f t % ft % in. ft" 
in* ft" I ft 
Installation cost =$39,894 
3 Storage cost (0.50/ft ) =$ 1,493 
3 Storage cost (O.lO/ft ) =$ 299 
3 Total cost (0.50/ft stor)=$41,387 
3 Total cost (O.lO/ft stor)=$40,193 
Installation cost = $39,983 
Storage cost = $ 1,094 
Total cost = $41,076 
Installation cost = $33,420 
Storage cost = $ 1,473 
Total cost = $34,893 
TABLE 6.8 - Comparison of Sewer System Designs With 




















ueslgn Wlth Storage Not Optimized 
Volume Invert Elev. Pipe 
U/S D/S Slope diam. Storage 
ft ft % in. ft3 
709.46 705.66 1.514 27 0 
711.04 709.46 0.978 27 0 
712.20 711.04 0.505 27 13,126 
714.60 713.60 1.429 12 0 
717.50 713.60 3.000 12 0 
714.96 712.20 1.526 27 0 
715.40 713.45 0.975 12 0 
716.04 714.96 0.717 27 0 
719.00 716.40 1.238 12 0 
717.15 716.15 0.769 15 0 
718.80 716.60 1.243 24 0 
718.60 717.29 0.656 12 0 
726.35 719.55 1.744 15 0 
720.75 719.55 0.656 15 0 
Installation cost = $28,998 
3 Storage cost (0.50/ft ) = $ 6,563 
3 Storage cost (O.lO/ft ) = $ 1,313 
3 Total cost (0.50/ft stor)=$35,561 
3 Total cost (O.lO/ft stor)=$30,311 
Design With Storage 
Storage Cost = $0.50 per cubic ft 
Volume Invert Elev. Pipe 
u/ s Storage D/S Slope diam. 
ft ft % in. ft 3 
707.59 705.60 0.792 36 0 
710.60 705.09 1.561 30 0 
713.14 710.60 1.103 30 273 
714.60 713.60 1.429 12 0 
717.50 713.60 3.000 12 0 
714.71 713.14 0.870 30 0 
715.15 71L.51 0.319 15 0 
716.04 714.96 0.717 27 0 
719.00 716.40 1.238 12 0 
717.15 716.15 0.769 15 0 
718.89 716.60 1.243 24 0 
718.60 717.29 0.656 12 0 
726.35 719.55 1.744 15 0 
720.75 719.55 0.656 15 0 
Installation Cost = $33,669 
Storage Cost = $ 137 
Total Cost = $33,806 
Optimized 
Storage Cost = $0.10 per cubic ft 
Volume Invert Elev. Pipe 
U/S D/S Slope diam. Storage 
!it ft % in. ft 3 
710.09 704.66 2.161 21 0 
711.60 710.09 0.939 21 0 
712.95 711.85 0.478 18 30,352 
714.60 713.60 1.429 12 0 
717.50 713.60 3.000 12 0 
714.96 712.20 1.526 27 0 
715.40 713.45 0.975 12 0 
716.04 714.96 0.717 27 0 
719.00 716.40 1.238 12 0 
717.15 716.15 0.769 15 0 
718.80 716.60 1.243 24 0 
718.60 717.29 0.656 12 0 
726.35 719.55 1.744 15 0 
720.75 719.55 0.656 15 0 
Installation Cost = $25,694 
Storage Cost = $ 3,035 
Total Cost = $28,729 
constraint used was the invert elevation of the outlet pipe which was limited 
to a minimum of 80.05. 
Design tuns were made both with and without utilizing the risk costs 
options in the optimization procedure. The results of the designs are sum- 
marized in Table 6.5. Also summarized in Table 6.5 for comparison is the design 
based on the rational method as given in ASCE Manual 37. 
6.3.2 Goodwin Avenue Basin Sewer Designs 
As a further demonstration the sewer system for the Goodwin Avenue Basin 
is designed using the inlet hydrographs generated by the ILLUDAS surface runoff 
model which are listed in Table 6.4. ~t should be noted here that in using 
the surface runoff option of the ILSD Models, the design can be proceeded without 
printing out the inlet hydrographs if the designer has no interest in seeing them. 
The required soil data and other rainfall input information are given in Table 
6.3. The results of the designs are summarized in Table 6.6. 
6.4 Examples Demonstrating Least-Cost Design with Detention Storage 
As discussed in Chapter 2, the proposed model has two options in regard 
to detention storage, depending on whether or not the storage volume cost is 
included in the optimization.procedure. These two options are applied to both 
the ASCE and Goodwin Avenue basins. For the ASCE Basin again the triangular 
inlet hydrographs described in Section 6.3.1 are used whereas for the Goodwin 
Avenue Basin the ILLUDAS-generated inlet hydrographs (Table 6.4) are utilized. 
6.4.1 Least-Cost Design Without Including Detention Storage Cost in Optimization I 
i 
In this option the maximum allowable outflow from a reservoir into the j 
sewer downstream is specified. The volume of storage that is required to satisfy 3 
1 
this specified flow restriction is computed as well as its costs based on a 
unit storage cost specified by the user. However, these costs of storage are 
not considered in the optimization procedure. 
i 
For t h e  ASCE Bas in  d e s i g n ,  s t o r a g e  l o c a t i o n s  a r e  s p e c i f i e d  downstream of 
manl~o les  8 1  and 83 ( s e e  F i g .  6 . 1 ) .  The maximum f low downstream of manholes 8 1  
and 83 w a s  l i m i t e d  t o  20.0 c f s  and 40.0 c f s ,  r e s p e c t i v e l y .  The r e s u l t  is sum- 
marized i n  Tab le  6 .7 .  The s t o r a g e  c o s t  is computed f o r  u n i t  c o s t s  of  $0.50 a s  
w e l l  a s  $0.10 p e r  c u b i c  f t .  
For t h e  Goodwin Avenue Basin  examples,  a  s i n g l e  d e t e n t i o n  s t o r a g e  r e s e r v o i r  
l o c a t i o n  is  chosen which i s  downstream of  manhole 5 1  ( F i g .  6 . 2 ) .  The maximum out-  
Clow s p e c i f i e d  f o r  t h e  r e s e r v o i r  i s  20.0 c f s .  The r e s u l t  is  summarized i n  Tab le  
6 . 8 .  
6 .4 .2  Least -Cost  Design w i t h  S t o r a g e  O p t i m i z a t i o n  
I n  t h i s  o p t i o n  t h e  maximum a l l o w a b l e  s t o r a g e  volume a t  a  d e t e n t i o n  
r e s e r v o i r  s i t e  i s  s p e c i f i e d  a l o n g  w i t h  a  u n i t  s t o r a g e  c o s t .  The c o s t  of  t h e  
s t o r a g e  i s  i n c l u d e d  w i t h  t h e  o t h e r  c o s t s  a s  p a r t  of t h e  o p t i m i z a t i o n  p rocedure .  
For t h e  ASCE Bas in ,  t h e  l o c a t i o n s  of t h e  r e s e r v o i r  s i t e s  a r e  t h e  same a s  
i n  t h e  p r e v i o u s  s e c t i o n .  The maximum a l l o w a b l e  s t o r a g e  volumes downstream 
3  
of manholes 8 1  and 8 3  a r e  14 ,000  and 22,500 f t  , r e s p e c t i v e l y .  Tab le  6 . 7  shows 
t h e  r e s u l t s  of  two d e s i g n s  u s i n g  u n i t  s t o r a g e  c o s t s  of $0.50 and $0.10 p e r  c u b i t  
f t .  A s  would be  e x p e c t e d ,  lower  u n i t  s t o r a g e  c o s t  r e s u l t e d  i n  more s t o r a g e  
b e i n g  u t i l i z e d .  The i n c r e a s e  i n  s t o r a g e  c o s t s  was more t h a n  o f f s e t  by t h e  
d e c r e a s e  i n  i n s t a l l a t i o n  c o s t .  Also  n o t e  t h a t  t h e  $48,857 t o t a l  c o s t  f o r  t h e  
3  d e s i g n  u s i n g  a  u n i t  s t o r a g e  c o s t  of  $ 0 . 5 0 / f t  i s  l e s s  t h a n  t h e  cor respond ing  
d e s i g n  shown i n  Tab le  6 . 6 .  
For t h e  Goodwin Avenue Bas in  t h e  maximum a l l o w a b l e  s t o r a g e  volume a t  
3  
manhole 5 1  i s  35,000 f t  . The r e s u l t s  f o r  u n i t  s t o r a g e  c o s t s  of  $0.50 and 
$0.10 p e r  c u b i c  f t ,  r e s p e c t i v e l y ,  a r e  g i v e n  i n  T a b l e  6 . 8 .  
6.5 - Discussion of Examples 
6.5.1 Examples Without Detention Storage 
Table 6.5 makes t h r e e  comparisons using t h e  ASCE Basin. The l e f t  and 
cen te r  designs i n  t h e  t a b l e  show the  e f f e c t  of inc luding  t h e  r i s k  cos t  i n  the  
i 
optimizat ion.  The i n s t a l l a t i o n  c o s t  is  higher  when r i s k  is  considered because j 
l a r g e r  diameter p ipes  a r e  used t o  reduce t h e  expected damage c o s t s .  However, 
i f  both r i s k  and i n s t a l l a t i o n  c o s t s  a r e  considered a 16% t o t a l  c o s t  reduct ion  
is  achieved by using the  r i s k  opt ion .  I 
The r a t i o n a l  method design a s  presented i n  ASCE Manual 37 is shown on 
1 
t h e  r i g h t  s i d e  of Table 6.5. Although t h e  i n s t a l l a t i o n  c o s t  is  s l i g h t l y  l e s s  1 
than the  design using t h e  model without r i s k  t h e  comparison i s  misleading be- 
cause t h r e e  of t h e  sewers a r e  surcharged under design flows i n  the  Manual 37 
design.  I f  t hese  sewers were increased one s i z e  t h e  i n s t a l l a t i o n  c o s t  would 
be about $45,600. In  a d d i t i o n  t h e  expected damage cos t  i s  est imated because 
the  r i s k  a n a l y s i s  does no t  account f o r  t h e  surcharged s i t u a t i o n .  
A comparison using t h e  Goodwin Avenue Basin is  shown i n  Table 6.6. Again 
t h e  e f f e c t  of t h e  r i s k  opt ion  i s  seen. I n  t h i s  case  a 39% reduct ion  i n  t o t a l  
i 
c o s t  is achieved using the  r i s k  opt ion .  I n  t h i s  case  t h e  r i s k  opt ion  design I 
r e s u l t e d  i n  a s u b s t a n t i a l  i nc rease  i n  t h e  s lopes  of a number of the  p ipes  over 
those  f o r  t h e  design without r i s k ,  This  was not  a s  s t rong ly  seen f o r  t he  ASCE 
Basin examples, poss ib ly  because of t h e  e l e v a t i o n  c o n s t r a i n t  a t  t h e  o u t l e t  i 
which was not  present  i n  t h e  Goodwin Avenue examples. 1 
6.5.2 Examples wi th  Detent ion Storage 
Tables 6.7 and 6.8 compare t h e  r e s u l t s  of t h e  two de ten t ion  s to rage  op t ions  I 
f o r  t h e  example bas ins .  The genera l  e f f e c t  of s to rage  i s  t o  permit t h e  use of 
smal le r  p ipes  downstream of t h e  r e s e r v o i r s .  The des ign  of t h e  upstream pipes  i 
does  n o t  change. 
I n  comparing t h e  d e s i g n s  w i t h  no s t o r a g e  t o  t h o s e  w i t h  non-optimized 
s t o r a g e ,  f o r  t h e  ASCE Bas in  t h e  p i p e  from manhole 8 1  t o  82 was decreased  from 
36 t o  27 in.. and t h e  s l o p e s  o f  t h e  p i p e s  downstream of t h e  r e s e r v o i r  were 
reduced.  For t h e  Goodwin Avenue Bas in  a l l  of  t h e  p i p e s  downstream of  t h e  
r e s e r v o i r  were reduced i n  s i z e .  
The d e s i g n s  u s i n g  t h e  s t o r a g e  o p t i m i z a t i o n  o p t i o n  i l l u s t r a t e  t h e  e f f e c t  
of u n i t  s t o r a g e  c o s t .  For lower u n i t  c o s t  t h e  volume of  s t o r a g e  and i t s  c o s t  
is  h i g h e r  b u t  t h i s  i s  more t h a n  o f f s e t  by t h e  r e d u c t i o n  i n  i n s t a l l a t i o n  c o s t .  
T h i s  i s  most e a s i l y  s e e n  f o r  t h e  Goodwin Avenue Basin  where t h e  s t o r a g e  c o s t  
i n c r e a s e d  from $137 t o  $3,035 w h i l e  t h e  i n s t a l l a t i o n  c o s t  was reduced a lmost  
$8000 r e s u l t i n g  i n  a  n e t  c o s t  r e d u c t i o n  o f  a lmost  $5000. For t h e  ASCE Basin  
it is  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  $0.50 p e r  cu.  f t  s t o r a g e  c o s t  no s t o r a g e  
was c a l l e d  f o r  a t  manhole 83  w h i l e  f o r  t h e  lower s t o r a g e  c o s t  t h e  model d i d  
c a l l  f o r  s t o r a g e  t h e r e .  
I n  a l l  examples t h e  s t o r a g e  o p t i m i z a t i o n  o p t i o n  r e s u l t e d  i n  lower t o t a l  
c o s t s  t h e n  w i t h o u t  t h e  o p t i o n ,  a s  might be  expec ted .  However t h e  comparison 
f o r  t h e  ASCE Bas in  shows v e r y  l i t t l e  c o s t  r e d u c t i o n .  
It shou ld  be  p o i n t e d  o u t  t h a t  b o t h  s t o r a g e  o p t i o n s  have t h e i r  own ad- 
v a n t a g e  depending on t h e  p a r t i c u l a r  d e s i g n  c r i t e r i a .  I f  t h e r e  is  a l i m i t a t i o n  
on f low t h e n  t h e  non-opt imizat ion o p t i o n  cou ld  be  used w h i l e  a  l i m i t a t i o n  on 
a v a i l a b l e  s t o r a g e  volume may d i c t a t e  t h e  s t o r a g e  o p t i m i z a t i o n  o p t i o n .  I f  b o t h  
f low and s t o r a g e  volume a r e  l i m i t e d  b o t h  o p t i o n s  could  be used t o  f i n d  which 
c o n s t r a i n t  c o n t r o l l e d .  
6.5.3 Computer Kequire~nents 
There are currently two separate model programs. The first program 
contains all options except optimized detention storage. The storage re- 
quirement for this program is 30,608 words and the compilation time is 6.47 
sec on the CDC Cyber 175 at the University of Illinois. The second program 
includes the detention storage optimization option and requires 33,409 words 
of storage and 7.17 sec to compile. 
Table 6.9 shows a comparison of execution times for the various 
options for each example. Several conclusions can be made from this table. 
(a) The additional time required for ILLUDAS generation of the 
inlet hydrographs is about 0.03 seclpipe. 
(b) The risk option increases the execution time by a factor of 
about 4, or an additional 0.6-0.8 secIpipe. 
(c) The non-optimization detention storage option requires essen- 
tially no additional execution time. 
(dl The detention storage optimization option increases the execu- 
tion time by a factor of 2-3 or an additional 0.3-0.5 sec/pipe. 
TABLE 6.9 - Computer Execution Time 
Execution time in sec 
Storage Storage 

























CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
This study has resulted in an improved design model with the following 
major features : 
1. Design procedure based on a least-cost objective 
2. Optional inlet hydrograph generation model for use at any 
specified inlet 
3. Two detention storage options: 
a. A non-optimized detention storage option in which a maximum 
allowable downstream discharge is specified and the required 
storage volume is computed 
b. A detention storage volume optimization option in which the 
unit cost of storage is specified and the volumes corresponding 
to the least-cost design are computed 
4. An improved risk damage cost option considering not only the probability 
of occurrence of damage but also the dependence of the damage on the 
flood volume 
5. Flexible specification of pipe and excavation costs in tabular form 
6. Capability of imposing specific constraints on elevations and size for 
any individual pipe 
7.2 Recommendations 
The following recommendations for improvements and increased capability are 
made : 
1. Incorporate surcharge design capability as an option 
2 .  Develop additional flexibility in cost specification 
3.  Develop a detailed user's manual which incorporates testing 
of actual design situations 
4 .  Develop a flexible hydraulic description of detention reservoir 
operation to more closely approximate actual field operation 
5. Develop the capability of design and/or analysis of hydraulic 
components such as pump stations and diversions 
6. Modify the model so that combined sewer system design can be 
specified 
7. Development of risk consideration when detention storage is 
considered 
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